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SOMMAIRE
La persistence des populations en milieu naturel dépend de leur capacité à répondre aux 
changements spatio-temporels de leur environnement et aux pressions de sélection qui en 
découlent. Deux mécanismes principaux permettent aux organismes de s’ajuster à de nouvelles 
conditions environnementales tout en assurant leur persistence locale: la plasticité 
phénotypique, soit un ajustement du phénotype sans modifications génétiques sous-jacentes; 
et l'évolution des populations en réponse à la sélection, ou adaptation, processus par lequel les 
génotypes les mieux adaptés aux conditions environnementales se retrouvent progressivement 
en plus grande proportion au sein d’une population. Or, le potentiel de réponses plastiques et 
génétiques peut varier entre populations d'une même espèce, entre autres puisqu'il est lui- 
même dépendant de l'hétérogénéité spatio-temporelle de l'environnement. Cependant, nous 
avons à ce jour peu de connaissances sur la façon dont l'environnement affecte les patrons de 
plasticité phénotypique et le potentiel adaptatif des populations en milieu naturel, rendant 
difficile la prédiction de la réponse des populations face aux changements environnementaux.
Mon doctorat vise donc à comprendre comment l'hétérogénéité environnementale affecte la 
capacité des populations naturelles à répondre, par le biais de changements plastiques et/ou 
génétiques, aux changements environnementaux. Pour ce faire, j ’ai étudié des populations de 
Mésanges bleues (Cyanistes caeruleus) du sud de la France et de la Corse, qui occupent 
différents types d’habitats forestiers (caducifoliés et sempervirents). Ce système représente un 
cas intéressant d’hétérogénéité environnementale étant donné la grande variabilité dans la 
période de disponibilité et l’abondance de nourriture entre habitats caducifoliés et 
sempervirents, les premiers étant plus hâtifs et plus riches en ressources que les seconds. Cette 
hétérogénéité environnementale est responsable d’une divergence phénotypique marquée au 
niveau de traits morphologiques et reproducteurs entre populations occupant ces différents 
types d’habitats. En utilisant à la fois une base de données phénotypiques à long terme, des 
pedigrees disponibles pour chacune des populations, ainsi que de l’information obtenue à
partir de marqueurs microsatellites, j'ai déterminé dans un premier temps: i) les patrons de 
plasticité phénotypique au sein de chaque population; ii) les niveaux de potentiel adaptatif de 
traits morphologiques et reproducteurs au sein de chaque population; et iii) la structuration 
génétique de populations au sein d'un paysage hétérogène. Ensuite, j'ai mis en relation ces 
patrons avec diverses variables environnementales afin de comprendre comment 
l'hétérogénéité spatio-temporelle de l'environnement affecte ces paramètres.
J'ai d'abord montré un lien entre la variabilité interindividuelle de la plasticité de la date de 
ponte - un trait reproducteur important chez les oiseaux puisque son ajustement permet une 
synchronisation de la reproduction avec la période d’abondance maximale de nourriture - au 
sein d'une population et les patrons de sélection appliqués sur ce trait. Les populations faisant 
l'objet de fortes pressions de sélection directionnelle présentent peu de variabilité 
interindividuelle de la plasticité, alors que les individus au sein de populations ne faisant pas 
l'objet de fortes pressions de sélection varient entre eux dans leurs patrons de plasticité. Ces 
différences seraient reliées au degré d'hétérogénéité spatio-temporelle de l'environnement au 
sein de chaque population. Dans un habitat où la disponibilité et la phénologie des ressources 
alimentaires sont constantes, les individus devront tous synchroniser leur reproduction avec la 
phénologie de la ressource alimentaire principale, entraînant une sélection directionnelle sur la 
date de ponte ayant pu, à long terme, uniformiser les patrons de plasticité phénotypique. A 
l'inverse, au sein d'habitats où la disponibilité des ressources alimentaires est hétérogène dans 
le temps ou l'espace, les individus devront se synchroniser avec différentes sources 
alimentaires présentant des phénologies différentes, ce qui explique l'absence de sélection 
directionnelle et la présence de variabilité interindividuelle de plasticité sur la date de ponte.
Dans un deuxième temps, j'ai montré que le potentiel adaptatif de traits morphologiques 
(masse corporelle corrigée pour la longueur du tarse) et reproducteurs (date de ponte, taille de 
ponte, temps d’incubation) peut présenter une grande variabilité entre populations d'une même 
espèce. Cependant, cette variabilité n'est pas affectée par des différences en termes de qualité 
de l'environnement, et serait plutôt dépendante de l'historique évolutif de chaque population. 
Par contre, le potentiel adaptatif des traits morphologiques varie temporellement au sein d'une
même population, étant plus élevé lors des années de meilleure qualité, alors que le potentiel 
adaptatif des traits reproducteurs reste stable en fonction de la qualité de l'environnement. Ces 
patrons suggèrent que durant les années où les conditions environnementales sont 
défavorables, les individus allouent leurs ressources en priorité aux traits reproducteurs, qui 
sont associés de plus près à leur valeur adaptative, au détriment des traits morphologiques.
Finalement, j'ai montré la présence d’une structure génétique à fine échelle géographique en 
Corse, les individus se ségrégant en deux groupes génétiquement distincts. Or, ces différences 
génétiques ne sont liées à aucune barrière géographique au sein de la Corse, indiquant que les 
individus ont le potentiel de se déplacer librement entre chaque population. La différenciation 
génétique entre populations est cependant liée à une divergence spatiale des caractéristiques 
environnementales, les niveaux de différenciation génétique observés coïncidant avec des 
différences en termes de proportion de chênes caducifoliés vs. sempervirents dans l’habitat où 
les mésanges se reproduisent. De plus, ces différences génétiques correspondent aux 
différences phénotypiques entre populations, indiquant que l’adaptation locale des populations 
à leur habitat respectif pourrait être responsable de la structure génétique observée.
Mon projet de doctorat a mis en évidence la grande variabilité dans la capacité des populations 
d'une même espèce à s'ajuster aux conditions environnementales, et ce même à fine échelle 
géographique. J'ai également montré l'effet de différentes composantes de l'environnement sur 
les paramètres affectant la réponse adaptative des populations: les variations des patrons de 
plasticité phénotypique sont associées aux niveaux d’hétérogénéité spatio-temporelle de 
l'environnement à l’échelle des populations; les différences de potentiel adaptatif intra- 
populations des traits morphologiques sont reliées aux variations dans la qualité de 
l'environnement; et la structuration génétique des populations serait la résultante d’une 
l'hétérogénéité spatiale de l’environnement à l’échelle inter-populationnelle. Mon projet de 
doctorat a donc contribué à la compréhension des mécanismes influençant la capacité des 
populations à s'ajuster à des conditions environnementales changeantes, permettant 
ultimement une meilleure prédiction des réponses plastiques et génétiques des populations 
face aux changements environnementaux.
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CHAPITRE 5 - DISCUSSION ET CONCLUSIONS GÉNÉRALES
Figure 1. Schématisation des effets du paysage sur les forces évolutives affectant 
la capacité d'adaptation des populations face à des changements 
environnementaux intrapopulationnels (section du haut, en blanc) ou 
interpopulationnels (section du bas, en gris) par le biais de réponses 
plastiques et/ou génétiques. Les flèches pleines représentent, des effets 
positifs, les flèches hachurées représentent des effets négatifs. Voir le 
texte pour une explication des effets décrits par chaque flèche..................
CHAPITRE 1 
INTRODUCTION
« Given the essential heterogeneity within and among complex biological systems, our 
objective is not so much the discovery o f universals as the accounting o f  differences »
Levins, 1968
1.1 Cadre théorique
En milieu naturel, les organismes vivent au sein d'environnements en constant changement, à 
la fois dans le temps et dans l'espace. Ces changements environnementaux entraînent des 
fluctuations dans les pressions de sélection auxquelles les populations sont soumises (Endler, 
1986). Ces pressions de sélection peuvent diverger spatialement, entre populations d’une 
même espèce ou entre aires géographiques distinctes au sein d’une population, en fonction par 
exemple de la densité locale (Garant et al., 2007b), de la présence d'autres espèces en 
sympatrie (Rundle et al., 2008), ou de la disponibilité de ressources (Huber et al., 2004); et 
temporellement, par exemple en fonction des conditions climatiques (Ahola et al., 2009; 
Etterson, 2004; Nussey et al., 2005c), du régime de prédation (Reimchen et Nosil, 2002), ou 
du type de nourriture disponible (Gibbs et Grant, 1987; Grant et Grant, 1995). Pour assurer 
leur persistance, les populations doivent donc réussir à s'ajuster aux fluctuations spatio- 
temporelles des pressions de sélection qu'elles subissent.
Trois principaux types de réponses peuvent survenir lorsqu'une population fait face à de 
nouvelles pressions de sélection: i) la migration des individus d ’un habitat devenu défavorable 
vers un autre habitat; ii) un ajustement du phénotype par plasticité phénotypique, sans 
modifications génétiques sous-jacentes; ou iii) une adaptation des populations face à ces 
nouvelles conditions par le biais de changements génétiques (Gienapp et al., 2008). Or, la 
migration des individus, dans le cas par exemple du déplacement de la distribution de certains
organismes vers des latitudes ou altitudes plus élevées en réponse au réchauffement climatique 
(Davis et Shaw, 2001), entraîne à terme une extinction locale des populations. Des réponses 
plastiques et/ou génétiques sont donc nécessaires afin d'assurer la persistence locale des 
populations en présence de changements environnementaux.
1.1.1 Plasticité phénotypique
La plasticité phénotypique représente, pour un génotype donné, l'altération de son phénotype 
en fonction des conditions environnementales (Pigliucci, 2001). La présence de plasticité 
phénotypique en milieu naturel est omniprésente (Travis, 1994; West-Eberhard, 2003), et peut 
être adaptative lorsqu'elle permet à un individu "d'ajuster" son phénotype en fonction de 
l'environnement dans la direction favorisée par la sélection (Ghalambor et al., 2007). La 
plasticité phénotypique est d'ailleurs reconnue comme un mécanisme puissant permettant un 
ajustement phénotypique rapide des populations face à des changements environnementaux 
(Price et al., 2003; Chown et Terblanche, 2006). L’ajustement de la date de ponte chez les 
oiseaux, par exemple, représente un cas de plasticité adaptative bien documenté (Przybylo et 
al., 2001; Charmantier et al., 2008). Chez de nombreuses espèces d'oiseaux, la date de ponte 
est en effet très sensible aux variations de température, les oiseaux pondant généralement leurs 
œufs plus tôt lors des années les plus chaudes, durant lesquelles la disponibilité des ressources 
alimentaires est également plus hâtive (Both er al., 2004; Charmantier et al., 2008; Nussey et 
a l, 2005c). Or, un défi majeur auquel les oiseaux font face durant leur reproduction est de 
synchroniser le moment où les besoins énergétiques des jeunes sont les plus élevés à la période 
d'abondance maximale de nourriture dans leur milieu (Visser et al., 1998; Thomas et al., 
2001). La plasticité de la date de ponte permet donc l’ajustement de la période de reproduction 
en fonction de la période d’abondance maximale de nourriture, permettant ainsi une croissance 
et une survie optimales des jeunes (Visser et al. 1998).
De façon mathématique, la plasticité phénotypique est typiquement représentée par une 
fonction appelée norme de réaction (Steams, 1989), décrivant la variation dans la valeur d'un 
trait le long d'un gradient environnemental. Sous sa forme la plus simple, cette norme de
réaction est linéaire et caractérisée par deux paramètres: l'élévation, représentant la valeur du 
trait au sein de l'environnement moyen, et la pente, correspondant au degré de changement du 
trait par unité de changement environnemental (Figure la). La présence de plasticité 
phénotypique au niveau populationnel peut résulter de réponses plastiques individuelles, qui 
peuvent varier ou non entre individus (Figure lb).
Environnement
Environnement
Inviroimement
Figure 1. Patrons de plasticité phénotypique a) au niveau populationnel; b) au niveau 
individuel. La plasticité au niveau populationnel peut découler des réponses 
plastiques individuelles, qui peuvent être similaires pour chaque individu (en haut) 
ou présenter une variabilité interindividuelle (en bas). Modifié de Nussey et al., 
2007.
La plasticité phénotypique en elle-même peut également être héritable - c'est-à-dire que la 
norme de réaction d'un individu peut présenter une base génétique transmissible des parents 
aux enfants, voir section 1.1.2 - et soumise à la sélection (Nussey et al, 2005c; Pelletier et al., 
2007). La présence de variabilité interindividuelle des patrons de plasticité au sein d'une 
population est donc une condition sine qua non permettant aux populations d'adapter leur 
réponse plastique aux changements environnementaux. Or, les patrons interindividuels de 
plasticité varient entre populations d'une même espèce. Par exemple, l'étude de la plasticité de 
la date de ponte en fonction de la température chez deux populations de Mésange charbonnière 
(Parus major), l'une située aux Pays-Bas et l'autre en Angleterre, a révélé une plus grande
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variation interindividuelle des patrons de plasticité chez la première population que chez la 
seconde (Nussey et a l, 2005c; Charmantier et al., 2008; Husby et al., 2010). Ces différences 
pourraient être dues à des contraintes à l'expression de la plasticité phénotypique propres à 
chaque population, liées par exemple à des différences en termes de caractéristiques de 
l'habitat, du climat ou de la qualité de l'environnement (Nussey et a l, 2005a,b; Wilson et a l,  
2007). Le degré ainsi que l'échelle de l'hétérogénéité de l'environnement sont également 
susceptibles d'influencer la présence de variabilité interindividuelle des patrons de plasticité 
(de Jong, 2005; Ghalambor et a l, 2007; Rodriguez, 2012). L’étude de la variabilité des patrons 
interindividuels de plasticité entre populations est cependant relativement récente, et l'étendue 
ainsi que les mécanismes sous-jacents à la variabilité des patrons interindividuels de plasticité 
entre populations restent à ce jour incertains (Nussey et al., 2007).
1.1.2 Adaptation des populations
Bien que la plasticité phénotypique soit un mécanisme puissant d'ajustement du phénotype 
face à des modifications rapides de l'environnement, il existe des limites à celle-ci, et à long 
terme, une réponse évolutive sera nécessaire afin d'assurer la persistence des populations dans 
leur milieu (Davis et a l, 2005; Stockwell et a l, 2003). Cette évolution des populations en 
réponse aux pressions de sélections, ou adaptation, nécessite la rencontre de trois critères:
i) il doit y avoir présence de variabilité phénotypique pour un trait donné entre les individus 
d’une population;
ii) une partie de cette variabilité a une base génétique héritable, c’est-à-dire transmissible des 
parents aux enfants;
iii) les différences phénotypiques doivent entraîner une variation interindividuelle de la 
reproduction et/ou la survie, de sorte que les individus possédant les traits favorables laisseront 
plus de descendants.
Au fil des générations, les allèles codant pour les traits favorisés par la sélection se 
retrouveront ainsi en plus grande proportion dans la population.
L'adaptation des populations a longtemps été considérée comme un processus extrêmement 
lent. Darwin affirmait: « We see nothing of these slow changes in progress, until the hand of 
time has marked the long lapse of ages [...]» (1859, p.84). Cette vision de gradualisme extrême 
a été codifiée par Fisher en 1930 et son modèle infinitésimal, statuant que les traits 
phénotypiques sont déterminés par un nombre virtuellement infini de gènes ayant chacun un 
effet infinitésimal; l’apparition de nouvelles mutations n’aurait donc qu’une influence très 
minime sur le phénotype. Cette vision a été substantiellement modifiée au cours des 25 
dernières années grâce à l’accumulation d’études ayant quantifié plusieurs centaines de 
gradients de sélection en milieu naturel. Il est maintenant montré que la sélection en milieu 
naturel est une force évolutive omniprésente (Endler, 1986; Hoekstra et a l,  2001; Kingsolver 
et al., 2001; Siepielski et a l, 2009), et en partie responsable de la diversité phénotypique 
observable en nature, de la divergence entre populations et de la spéciation (Estes et Arnold, 
2007; Hendry et a l, 2000; Rieseberg et a l, 2002; Schwarz et a l,  2005). De plus, nous savons 
maintenant que la sélection peut entraîner des changements microévolutifs qui peuvent 
s’observer sur des échelles de temps dites écologiques (evolution on ecological time-scales ou 
contemporary evolution), de l’ordre d’une dizaine de générations ou moins (Carroll et a l, 
2007; Gienapp et a l, 2008; Hendry et Kinnison, 1999; Reznick et Ghalambor, 2001).
Au cours des dernières années, des développements statistiques et méthodologiques dans le 
domaine de la génétique quantitative ont permis de caractériser la base génétique des traits 
phénotypiques de façon indirecte, en associant les similitudes phénotypiques entre individus à 
leurs niveaux d'apparentement (Kruuk et al., 2004). Au sein d'une population, la quantité de 
variabilité phénotypique d'un trait (Vp), peut ainsi être partitionnée en effets génétique additifs 
(V A), soit directement transmis des parents aux enfants, et en effets environnementaux (V e). 
En biologie évolutive, l'intérêt de cette méthode réside dans la capacité de prédiction d'une 
réponse évolutive face à l'application de pressions de sélection, par le biais de l'équation des 
reproducteurs (Falconer et McKay, 1996):
R = /j2S Équation 1
où R représente le changement de la valeur moyenne d'un trait à la suite d'un épisode de 
sélection, h2 correspond à l'héritabilité d'un trait, soit le ratio de la variance additive génétique 
sur la variance phénotypique (Va/Vp), et S est le différentiel de sélection (covariance entre la 
valeur phénotypique du trait et l’aptitude phénotypique (fitness), ou différence entre la 
moyenne du trait pour les individus sélectionnés et pour la population de référence). Pour une 
force de sélection donnée, la magnitude de la réponse évolutive d'un trait au sein d'une 
population dépendra donc de la quantité de variabilité génétique présente sur les traits ou 
combinaisons de traits soumis à la sélection, soit le potentiel adaptatif (Falconer et McKay, 
1996; Lynch et Walsh, 1998).
Les études empiriques visant à prédire une réponse évolutive à la sélection en milieu naturel 
ont cependant jusqu'à présent donné des résultats mitigés (revu dans Merilâ et a l ,  2001; 
Gienapp et a l, 2008; Kruuk et al., 2008), mettant en évidence les limites de notre 
compréhension du potentiel évolutif des populations. Une cause possible des différences entre 
les réponses évolutives prédites et observées vient la nature fondamentalement multivariée des 
traits phénotypiques (Walsh et Blows, 2009). En effet, de nombreux traits sont génétiquement 
corrélés, à cause, entre autres, des effets pléïotropiques, du déséquilibre de liaison, ou de la 
sélection corrélationnelle. Des corrélations génétiques peuvent par exemple survenir au niveau 
des traits morphométriques, traduisant des relations allométriques entre traits (Lande, 1979), 
ou entre traits liés à l’aptitude phénotypique des individus, tels la survie et la fécondité 
(Sinervo et McAdam, 2008), ou le nombre et la masse des œufs (Czesak et Fox, 2003; Garant 
et al., 2008), la masse des jeunes (Wilson et a l, 2005), ou le taux de croissance des jeunes 
(McAdam et Boutin, 2004). La nature des corrélations génétiques pouvant contraindre ou 
faciliter la réponse à la sélection (voir Figure 2; Chenoweth et al., 2010; Schluter, 1996), la 
prédiction de celle-ci nécessite une quantification des (co)variances génétiques des traits.
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Figure 2. Schématisation de l'influence des (co)variances génétiques (gris foncé) sur la 
réponse évolutive (en pointillé) vers un optimum favorisé par la sélection (gris 
pâle), a) La variance génétique est faible dans la direction favorisée par la sélection 
(p), et élevée dans la direction opposée, b) La variance génétique est distribuée dans 
le sens favorisé par la sélection. La trajectoire évolutive étant plus efficace dans la 
direction de l'axe où l'on retrouve un maximum de variance génétique, l'atteinte de 
l'optimum favorisé par la sélection se fera plus rapidement en b) qu'en a).
Un autre facteur limitant la capacité à prédire une réponse évolutive vient de la variabilité du 
potentiel adaptatif d'un trait en fonction de l'environnement (Hoffmann et Merilâ, 1999; 
Charmantier et Garant, 2005). Cette variation peut résulter de l’expression limitée de la valeur 
génétique des individus lorsque les conditions environnementales sont mauvaises, entraînant 
une réduction de la variance additive génétique (Gebhardt-Henrich et Van Noordwijk, 1991). 
Le potentiel adaptatif peut également varier à travers l’effet des conditions environnementales 
sur la variance environnementale, qui modifie la variance phénotypique totale, et donc 
1 ’héritabilité, des traits. Par exemple, lorsque les conditions environnementales sont 
défavorables, la variance phénotypique entre individus peut résulter de différences dans 
l’acquisition des ressources plutôt que de l’expression des différences génétiques (Hoffmann 
et Merilâ, 1999). En milieu naturel, de telles relations positives entre l'héritabilité et la qualité
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de l'environnement ont été mises en évidence chez plusieurs espèces; cependant, cette 
tendance semble être généralisée au niveau des traits morphométriques (Wilson et al., 2006, 
Pelletier et a l, 2007), mais pas au niveaux des traits d’histoire de vie (Charmantier et Garant, 
2005; Garant et al., 2008). À ce jour, il n'y a donc pas de consensus clair quant à la direction et 
la magnitude des variations du potentiel adaptatif en fonction de la qualité de l'environnement.
Finalement, le potentiel adaptatif peut également varier spatialement, entre populations d'une 
même espèce, ou entre régions géographiques au sein d’une même population. Ces différences 
peuvent également résulter de variations en termes de qualité d’habitat. Par exemple, il a été 
montré, chez une population de Mésange charbonnière (Parus major) en Angleterre, que 
l’héritabilité de la masse est plus élevée au nord de la population qu’à l’est (Garant et al., 
2005). Ce patron serait lié à une variabilité de la qualité de l’habitat étant donné une densité de 
population plus élevée, et donc une disponibilité de ressources alimentaires par individu plus 
faible, à l’est de la population qu’au nord (Garant et al., 2005). Cependant, la variation inter- 
populationnelle du potentiel adaptatif peut également provenir de différences dans l'histoire 
évolutive des populations, au niveau par exemple des pressions de sélection passées, de la 
dérive génique ou des effets fondateurs (Charmantier et al., 2004; Dingemanse et al., 2009; 
Lampei et Tielbôrger, 2010; Kim et al., 2012). Une compréhension globale des effets de 
l'hétérogénéité environnementale sur le potentiel adaptatif des populations en milieu naturel 
nécessite donc idéalement l'étude de plusieurs populations d'une même espèce résidant dans 
un environnement spatio-temporellement hétérogène.
1.1.3 Divergence adaptative
Dans un environnement spatialement hétérogène, les pressions'de sélection peuvent diverger 
entre populations, en fonction de leurs habitats respectifs. En l’absence de contraintes à 
l’évolution, cette sélection hétérogène peut mener à un patron où l’aptitude phénotypique des 
individus d’une population dans leur habitat d’origine est plus élevé que celui des autres 
populations dans cet habitat (Figure 3; Kawecki et Ebert, 2004). À long terme, un tel patron 
peut mener à une divergence adaptative des populations. En effet, au sein d'un habitat donné,
si l'aptitude phénotypique des résidents est supérieure à celle des immigrants, ces derniers 
laisseront moins de descendants au sein de la population, entraînant une réduction des niveaux 
d'échanges génétiques, et ultimement une différentiation génétique, entre ces populations.
Il est toutefois possible que la sélection divergente n’entraîne pas de divergence adaptative 
entre populations, et ce même en l'absence de contraintes à l'évolution inhérentes à la 
population (voir section 1.1.2). Les effets de la sélection divergente peuvent notamment être 
contrebalancés par le flux génique, qui représente le mouvement des gènes entre populations. 
Ce mouvement résulte à la fois de l’intensité de la dispersion (mouvement des individus entre 
populations) et du succès reproducteur des migrants dans la population d’accueil. Bien que la 
dispersion puisse avoir un effet positif sur l'adaptation locale des populations via des effets 
démographiques, le flux génique a comme effet principal une homogénéisation de la structure 
de population (bien qu'il puisse également favoriser la divergence adaptative par 
l'augmentation de la variance additive génétique sur laquelle la sélection peut agir; voir Figure 
4; Garant et a l, 2007a; Lenormand, 2002). Cette homogénéisation peut nuire à l’adaptation 
locale des populations, par l’introduction de gènes maladaptés aux conditions locales 
(Lenormand, 2002). De nombreuses études empiriques montrent en effet que le flux génique 
entrave la divergence adaptative entre populations (Dhondt et a l, 1990; Hendry et Taylor, 
2004; Nosil, 2009; Nosil et Crespi, 2004; Riechert, 1993). Cependant, la sélection divergente 
peut parfois être suffisamment forte pour permettre une différenciation entre populations, 
pouvant même aller jusqu’à la spéciation, en présence de flux génique (Nosil, 2008; Turelli et 
a l, 2001). La divergence adaptative entre populations dépend donc souvent de la force relative 
de la sélection par rapport au flux génique (Bulmer, 1972).
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Figure 3. Cadre théorique illustrant les interactions possibles entre la dispersion, le flux 
génique, et la divergence adaptative. Les lignes pleines représentent des effets 
positifs et les lignes pointillées des effets négatifs. Traduit de Garant et al., 2007a.
De plus, les effets de la sélection divergente sur la différenciation génétique entre populations 
peuvent être confondus avec ceux de la dérive génique, qui représente le changement 
stochastique des fréquences alléliques entre générations. La dérive génique peut contribuer à 
la différenciation phénotypique en entraînant la fixation d’allèles différents d’une population à 
l’autre, particulièrement au sein de populations isolées et/ou de petite taille (voir par exemple 
Jordan et Snell, 2008; Lande, 1976). Plusieurs études montrent que la sélection peut entraîner 
une divergence phénotypique entre populations au-delà de la différenciation due aux effets de 
la dérive génique (revue dans Leinonen et al., 2008), alors que dans d’autres cas, la dérive 
génique pourrait fortement contribuer à la divergence entre populations (Widen et al., 2002).
L'importance relative des différentes forces évolutives est largement dépendante des 
caractéristiques environnementales auxquelles les populations sont soumises. La configuration 
du paysage joue un rôle prépondérant dans la connectivité entre populations, modulant ainsi 
les niveaux de flux et de dérive géniques. La présence de barrières géographiques (par 
exemple chaînes de montagnes, rivières, routes) ou la fragmentation des habitats suite à une 
perturbation, entre autres, peuvent limiter ou empêcher la migration et le flux génique entre
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populations (Caizergues et al., 2003; Gerlach et Musolf, 2000; Martinez-Cruz et a i ,  2007). 
Des populations ainsi isolées peuvent alors diverger, en réponse aux pressions de sélection 
locales et à l’action de la dérive génique (Keyghobadi et al., 2005; Nosil, 2009; Willi et a i, 
2007). L'association des patrons de différenciation génétique observés entre populations et les 
caractéristiques environnementales, tant au sein des populations (pouvant affecter les patrons 
de sélection divergente) qu'entre populations (pouvant affecter la connectivité éntre 
populations) contribue alors à la compréhension des mécanismes écologiques responsables de 
l'évolution des populations.
Le développement de marqueurs hautement polymorphiques, de nouvelles méthodes 
d’analyses statistiques et d’outils informatiques puissants a permis l’émergence d’un nouveau 
domaine de recherche: la génétique du paysage (Manel et a i, 2003). La génétique du paysage 
permet l’intégration des données génétiques individuelles et d’information spatiale et 
environnementale afin 1) de déterminer la structure de population la plus probable au sein 
d’un groupe d’individus, et 2) d ’identifier les facteurs environnementaux responsables de la 
variabilité génétique observée (Manel et a i, 2003; Storfer et a i, 2007). Ce domaine de 
recherche englobe une variété de méthodes, avec l’objectif commun de quantifier l’effet de 
divers paramètres géographiques et écologiques sur la structure de populations. Ces techniques 
présentent donc un intérêt majeur en biologie évolutive, puisqu'elles permettent d'associer les 
patrons de variabilité génétique observés avec des caractéristiques de l'environnement, à la 
fois au niveau intra-populationnel (pouvant être responsables de pressions de sélection 
divergente entre populations), et inter-populationnel (pouvant affecter le potentiel de 
dispersion, et le flux génique, entre populations), et ainsi déterminer quels scénarios évolutifs 
correspondent avec la structure génétique observée.
1.2 Objectifs
L'objectif général de mon doctorat est d’étudier les effets de l'hétérogénéité spatio-temporelle 
de l'environnement sur la capacité des populations à s'ajuster aux changements 
environnementaux par le biais de réponses plastiques et génétiques. Ma thèse sera divisée en
trois chapitres principaux, visant respectivement à:
1) évaluer comment les fluctuations de L'environnement et des pressions de sélection qui en 
découlent affectent les patrons de plasticité phénotypique, aux niveaux populationnel et 
individuel;
2) évaluer comment le potentiel adaptatif (mesuré en termes de (co)variances additives 
génétiques et d'héritabilité) de traits morphologiques et reproducteurs est affecté par la 
variabilité spatio-temporelle de la qualité de l'environnement;
3) déterminer comment les caractéristiques du paysage, à la fois intra- et inter- 
populationnelles, affectent la structure génétique des populations résidant au sein d'habitats 
spatialement hétérogènes.
1.3 Méthodes
1.3.1 Espèce modèle: la Mésange bleue en milieu Méditerranéen
Afin de répondre à ces objectifs, j'ai étudié des populations de Mésange bleue (Cyanistes 
caeruleus) du sud de la France et de la Corse. La Mésange bleue est un petit passereau 
forestier (~ 9rl3 grammes) nichant dans des cavités naturelles ou artificielles, 
préférentiellement situées au sein de forêts de chênes de basse à moyenne altitude. Cette 
espèce est répandue dans la région du Paléarctique ouest, et sa distribution s’étend du nord au 
sud de la Scandinavie aux îles Canaries. En Corse, la Mésange bleue appartient à la sous- 
espèce Cyanistes caeruleus ogliastrae, qui est environ 15% plus petite que la sous-espèce 
continentale, Cyanistes caeruleus caeruleus (Martin, 1991). Au sein des régions étudiées, le 
paysage est constitué d’une mosaïque d’habitats forestiers de chêne blanc (Quercus humilis), 
caducifolié, ou de chêne vert (Quercus ilex), sempervirent. L'intérêt de ce système d'étude 
vient notamment de la grande hétérogénéité environnementale entre habitats de chêne blanc et 
de chêne vert, et des différences phénotypiques marquées entre populations de Mésanges
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bleues dans chaque type d'habitat qu'entraîne cette hétérogénéité. En effet, un défi majeur lors 
de la période de reproduction est de synchroniser le moment où les besoins énergétiques des 
oisillons sont les plus élevés, environ 11 jours après Péclosion, avec le pic d’abondance de 
nourriture (Blondel et a l, 2001; Dias et Blondel, 1996; Thomas et al, 2001). Or, durant la 
période de reproduction, la Mésange bleue se nourrit préférentiellement des chenilles folivores 
se retrouvant sur les jeunes feuilles de chênes (Zandt et a l, 1990; Banbura et a l,  1994). 
Puisque le chêne blanc perd la totalité de ses feuilles annuellement et débourre environ trois 
semaines plus tôt que le chêne vert, qui ne renouvelle annuellement qu’environ 30% de son 
feuillage, l’abondance de chenilles folivores est plus élevée et plus hâtive en chêne blanc qu’en 
chêne vert (Blondel et a l, 1993). Ces différences dans la période de disponibilité et 
l’abondance de nourriture entraînent ainsi une grande divergence phénotypique entre 
populations de chaque type d'habitat, la plus notable étant la différence moyenne de trois 
semaines dans la date de ponte entre les populations de chêne blanc et de chêne vert (Blondel 
et a l, 1993). La taille de ponte, la masse et la taille des oisillons à l’envol sont également plus 
faibles en chêne vert, où l'abondance de chenilles est plus faible, qu’en chêne blanc (Blondel 
et a l, 2006).
1.3.2 Système d ’étude et récole des données
Le système d'étude de la Mésange bleue en milieu méditerranéen comporte 4 stations faisant 
l'objet d'un suivi à long terme: le site de Rouvière (chêne blanc) situé au sud de la France et 
étudié depuis 1991; et les stations Corses de D-Muro (chêne blanc), E-Muro (habitat mixte) et 
Pirio (chêne vert), suivies depuis 1993, 1998 et 1979, respectivement (Figure 4). Dans chaque 
station, de 60 à 150 nichoirs sont installés et visités aux deux jours durant la période de 
reproduction. Ce suivi permet la récolte de plusieurs données phénotypiques, dont la date de 
ponte (date du 1er œuf pondu), la taille de ponte (nombre d'œufs), la date d'éclosion des 
oisillons, et le nombre d'oisillons à l'envol. Les adultes capturés sur chaque site (au nichoir ou 
à l’aide d’un filet japonais placé près du nichoir durant la période de nourrissage des oisillons) 
sont bagués à la première capture et font l'objet de mesures morphométriques (notamment la 
masse et la longueur du tarse) à chaque capture. Les oisillons nés dans le système d'étude sont
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également bagués, permettant la reconstruction d ’un pedigree datant du début de la date de 
suivi des populations pour chaque site. Ces données nous permettent de calculer la part de 
variance phénotypique des traits due à l'apparentement entre individus, et donc d'estimer la 
base génétique (variances et covariances) des traits (Kruuk, 2004). De plus, la durée de vie 
moyenne de la Mésange bleue allant de 1,5 à 3 ans (British Trust for Ornithology, 2012), les 
traits phénotypiques sont mesurés sur plus d'une année pour un grand nombre d'individus, 
nous permettant d'étudier les patrons de plasticité phénotypique individuels.
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Figure 4. Système d'étude de la Mésange bleue en milieu méditerranéen. Les stations Rou 
(Rouvière), D-Mur (D-Muro), E-Mur (E-Muro) et Pir (Pirio) font l’objet d'un suivi à 
long terme des populations (données récoltées depuis 1991, 1993, 1998 et 1979, 
respectivement); les autres sites ont été échantillonnés en 2009. Les cercles 
représentent la proportion de chêne caducifolié (chêne blanc Quercus humilis, en 
gris) vs. chêne sempervirent (chêne vert Quercus ilex et chêne liège Quercus suber, 
en noir) dans un rayon de 5 km autour du point central de chaque station. Les sites 
Corses sont représentés sur une carte topologique représentant les isoclines à 100 m 
(gris pâle), 500 m (gris moyen), 1 000 m (gris foncé) et 1 500 m (noir). Modifié de 
Porlier et a l, 2012.
Afin d'établir la structure génétique de la Mésange bleue, des échantillons sanguins (environ 
50 par station) ont été prélevés en 2009 sur les adultes au sein des 4 sites d’études, en plus de 
6 sites supplémentaires répartis à travers la Corse (Figure 1). Au sein des sites 
supplémentaires, les adultes ont été capturés à l'aide de filets japonais durant les semaines 
précédant la ponte des premiers oeufs, au moment où les adultes sont territoriaux. De plus, des 
échantillons sanguins ayant été prélevés sur les adultes de 1995 à 1996 pour les stations de 
Rouvière, D-Muro et Pirio, et de 2001 à 2003 pour les 4 sites d'études principaux, nous avons 
pu déterminer la stabilité temporelle de la structure génétique de populations. Afin de relier la 
structure génétique observée aux variables environnementales appropriées, nous avons analysé 
la composition du paysage (proportion de chênes caducifoliés vs. sempervirents) dans un 
rayon de 5 km autour de chaque station à l'aide de cartes de couvert de végétation du Ministère 
de l’Agriculture - Service Régional de l’Aménagement Forestier (échelle 1:25 000). De plus, 
le paysage Corse est caractérisé par la présence de chaînes de montagnes de haute altitude, 
culminant à plus de 2 700 mètres (Monte Cinto), alors que la Mésange bleue se retrouve 
exclusivement à des altitudes inférieures à 1 500m (Muséum National d'Histoire Naturelle, 
2012). La présence de chaînes de montagnes d’une altitude supérieure à 1 500m, qui 
représentent une barrière potentielle à la dispersion, a donc été déterminée à l'aide de cartes 
topographiques de l'Institut National de l'Information Géographique et Forestière.
Ce système d'étude offre une occasion exceptionnelle d'étudier la relation entre 
l'environnement et les patrons de plasticité phénotypique et de variabilité génétique en milieu 
naturel, étant donné la grande disponibilité de données phénotypiques, génétiques et 
d'apparentement, sur quatre populations d'une même espèce situées dans des habitats 
hétérogènes. Ce jeu de données permettra de déterminer l'ampleur des niveaux de variabilité 
des patrons de plasticité phénotypique et de potentiel adaptatif retrouvés en milieu naturel. Ces 
patrons pourront ensuite être associés à différentes composantes environnementales grâce à 
une caractérisation détaillée de l'habitat, tant au niveau intrapopulationnel qu'à l'échelle du 
paysage. Ces analyses nous permettront donc de mieux comprendre comment l'hétérogénéité 
spatio-temporelle de l'environnement affecte le potentiel de réponses plastiques et génétiques 
en milieu naturel.
CHAPITRE 2 
PLASTICITÉ PHÉNOTYPIQUE
Porlier, M., Charmantier, A., Bourgault, P., Perret, P., Blondel, J, Garant, D. (2012) Variation 
in phenotypic plasticity and selection patterns in breeding time: among and within populations 
comparisons. Journal o f Animal Ecology 81 (5):1041-1051.
Description de l’article et contribution
Cet article est le prolongement des travaux de Patrice Bourgault, aidé par Jacques Blondel, 
Philippe Perret, et Donald Thomas, décrivant les patrons de plasticité phénotypique de la date 
de ponte chez la Mésange bleue. À cet objectif, j ’ai apporté la notion d’inclusion des patrons 
de sélection et d’hétérogénéité environnementale et d’interaction de ces paramètres avec la 
plasticité phénotypique. En effet, des études récentes ont montré que les patrons de plasticité 
phénotypique peuvent varier entre populations d’une même espèce, ainsi qu’entre individus 
d’une même population (voir par exemple Husby et al, 2010). Cependant, la connaissance des 
facteurs responsables de cette variation en milieu naturel est très limitée. Dans cet article, j ’ai 
montré que la variation des patrons de plasticité phénotypique d’un trait peut être liée aux 
pressions de sélection appliquées sur celui-ci, et que cette sélection était elle-même reliée à 
l’hétérogénéité environnementale. J’ai donc refait toutes les analyses de plasticité effectuées 
au départ par Patrice Bourgault en y ajoutant trois années de données (et contribué à la collecte 
de ces données sur le terrain ainsi qu’à la coordination des activités de terrain), effectué toutes 
les nouvelles analyses concernant les pressions de sélection et la quantification de 
l’environnement, et réécrit le manuscrit en lien avec les nouveaux résultats obtenus. Patrice 
Bourgault, Anne Charmantier, Dany Garant et moi-même avons contribué à l’élaboration des 
idées menant à la discussion de ce manuscrit. Patrice Bourgault, Jacques Blondel, Anne 
Charmantier et Dany Garant ont commenté une ou plusieurs versions de ce manuscrit. Ce 
chapitre est dédié à feu Don Thomas.
16
Variation in phenotypic plasticity and selection patterns in blue tit breeding time: 
between- and within-population comparisons
Journal of Animal Ecology 2012, 81: 1041-1051 doi: 10.1111/j.l365-2656.2012.01996.x 
Melody Porlier, Anne Charmantier, Patrice Bourgault, Philippe Perret, Jacques Blondel and
Dany Garant
Summary
1. Phenotypic plasticity, the response of individual phenotypes to their environment, can allow 
organisms to cope with spatio-temporal variation in environmental conditions. Recent studies 
have shown that variation exists among individuals in their capacity to adjust their traits to 
environmental changes and that this individual plasticity can be under strong selection. Yet, 
little is known on the extent and ultimate causes o f variation between populations and 
individuals in plasticity patterns.
2. In passerines, timing of breeding is a key Iife-history trait strongly related to fitness and is 
known to vary with the environment, but few studies have investigated the within-species 
variation in individual plasticity.
3. Here, we studied between- and within-population variation in breeding time, phenotypic 
plasticity and selection patterns for this trait in four Mediterranean populations of blue tits 
(Cyanistes caeruleus) breeding in habitats varying in structure and quality.
4. Although there was no significant warming over the course of the study, we found evidence 
for earlier onset of breeding in warmer years in all populations, with reduced plasticity in the 
less predictable environment. In two of four populations, there was significant inter-individual 
variation in plasticity for laying date. Interestingly, selection for earlier laying date was 
significant only in populations where there was no inter-individual differences in plasticity.
5. Our results show that generalization of plasticity patterns among populations of the same 
species might be challenging even at a small spatial scale and that the amount of within- 
individual variation in phenotypic plasticity may be linked to selective pressures acting on 
these phenotypic traits.
Keywords: adaptation, I * E, natural selection, random regression, sliding-window
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Introduction
Organisms in the wild continually face spatio-temporal variation in abiotic and biotic 
conditions. Phenotypic plasticity, the capacity of a genotype to change the expression of a trait 
in response to environmental variation, is a powerful means by which individuals can cope 
with changing environmental conditions (Steams 1989; Schlichting & Pigliucci 1998). Studies 
of phenotypic plasticity have been conducted in several taxa in the wild, including birds 
(Nussey et al. 2005c; Charmantier et al. 2008), mammals (Pelletier et al. 2007) and plants 
(Sultan 2000; Valladares, Gianoli & Gomez 2007). Yet, despite growing interest for 
phenotypic plasticity in evolutionary ecology, little is known regarding the causes and extent 
of variation in plasticity displayed among populations o f the same species in the wild (Nussey, 
Wilson & Brommer 2007). As plasticity can be heritable and under selection (Nussey et al. 
2005c; Pelletier et al. 2007), knowledge of the extent and ecological causes of variation in 
individual plasticity patterns among populations is important to determine the potential of 
natural populations to respond to environmental changes. Deciphering the causes of variation 
in reaction norm (i.e. the function describing phenotypic change across environments; Steams 
1989) is thus fundamental for understanding the evolutionary and ecological dynamics of 
populations, particularly in the present context of global environmental change, where 
plasticity is a key mechanism allowing adaptation (Przybylo, Sheldon & Merilâ 2000; Chown 
& Terblanche 2006).
A major driver of phenotypic plasticity evolution is the degree of environmental heterogeneity 
experienced by a population (Moran 1992; Sultan & Spencer 2002; Emande & Dieckmann 
2004). A few empirical studies have shown that mean plasticity levels can differ markedly 
among populations of the same species as a result of spatio-temporal environmental 
heterogeneity and divergent selective pressures (Lind & Johansson 2007; Liefting, Hoffmann 
& Ellers 2009; Baythavong & Stanton 2010). However, populations can diverge not only in 
the average amount of plasticity expressed but also in their patterns of inter-individual 
variation in plasticity (individual x environment interaction; I x E). For example, larger inter­
individual variation in breeding time sensitivity to spring temperature has been found in a
Dutch great tit (Parus major) population (Nussey et al. 2005c), than in a great tit population in 
England (Charmantier et al. 2008; Husby et al. 2010). While the mechanisms underlying such 
differences in the strength of I * E among populations remain uncertain, population-specific 
constraints to the expression of phenotypic plasticity, owing to differences in habitat features, 
climate or environmental conditions (Nussey et al. 2005a,b; Wilson et al. 2007), as well as the 
degree of spatio-temporal heterogeneity of the environment (de Jong 2005; Ghalambor et al. 
2007), are likely candidates.
Although theoretical models have mostly focused on explaining the dynamics o f plasticity 
rather than predicting plasticity at equilibrium (Lande 2009), a recurrent finding in 
quantitative genetic models is that the level of optimal plasticity in a population depends on 
the predictability of the environment, that is, the covariance between the environment of 
development and the environment of selection (Gavrilets & Scheiner 1993; Pigliucci 2001). 
Comparative studies of several populations of the same species in contrasting natural systems, 
ideally where environment predictability can be measured, are therefore needed to elucidate 
the mechanisms shaping the observed phenotypic plasticity patterns in nature.
Here, we investigate the interplay between plasticity and selection patterns on timing of 
breeding (laying date, LD) in a small forest passerine bird, the blue tit {Cyanistes caeruleus), 
occupying heterogeneous Mediterranean environments. Timing of breeding is a life-history 
trait strongly related to fitness in several animal species and is particularly sensitive to 
environmental variation (Both et al. 2004). Flexibility in breeding time allows individuals to 
synchronize reproductive events with the most favourable period of the year to ensure optimal 
offspring growth and survival (Visser et al. 1998). This is crucial for insectivorous passerines, 
which face the challenge of timing their phenology so that the most energetically demanding 
part of the nesting cycle coincides with the narrow temporal window of food abundance 
(Thomas et al. 2001). A mistiming of LD therefore usually results in poor breeding success 
(van Noordwijk, McCleery & Perrins 1995; Tremblay et al. 2003).
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The geographic configuration of the Mediterranean landscape, characterized by a 
heterogeneous, fine-grained mosaic of habitats, provides an exceptional study system to 
investigate variation in plastic responses and selection pressures of life-history traits in 
spatially structured populations (Blondel et al. 2006; Blondel 2007). We selected four 
populations, subject to long-term monitoring, located in either evergreen (holm oak Quercus 
ilex) or deciduous (downy oak Quercus humilis) forest patches showing large differences in 
timing and abundance of food (caterpillars) for blue tits (Blondel. et al. 2006). The 
heterogeneity in timing and food abundance is linked to a remarkable phenotypic variation in 
mean LD across habitats, with differences reaching up to 1 month between deciduous and 
evergreen populations. Ultimately, these habitat-specific characteristics, and associated 
selection pressures, may differentially affect phenotypic plasticity for LD both within and 
among populations. Previous investigations, both in natural habitats and in captivity, have 
shown that laying date of blue tits in these Mediterranean populations can be plastic, 
especially but not exclusively in response to photoperiod (Lambrecht & Dias 1993; 
Lambrechts, Perret & Blondel 1996). These studies also showed that onset of laying differed 
between populations exposed to the same photoperiodic treatment (Lambrechts et al. 1997), 
suggesting a divergent adaptation in the response mechanism. To address the issue of the 
determinism and variation across populations of individual plasticity in timing of 
reproduction, we used long-term data to test whether (i) there is evidence for phenotypic 
plasticity in LD in response to temperature variation; (ii) inter-individual differences in the 
patterns of phenotypic plasticity occur within populations; (iii) plasticity patterns differ among 
populations and if so whether environment predictability is linked to this variation; and (iv) 
selection patterns on LD vary among populations.
Materials and methods
Study sites, population characteristics, and data collection
We used long-term data obtained in four heterogeneous Mediterranean blue tit populations 
breeding in either deciduous or evergreen forests (Fig. 1), and differing in the amount of food
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available: one in southern France (Deciduous-Rouvière; henceforth named D-Rouvière), and 
three on the island of Corsica (Evergreen-Pirio, Evergeen-Muro, Deciduous-Muro; henceforth 
called E-Pirio, E-Muro and D-Muro, respectively). The Corsican sites are located in two study 
areas isolated by mountains (alt. >1500 m). The E-Pirio site (42°34’N, 08°44’E; 200 m 
elevation) is dominated by evergreen holm oaks, and data on bird breeding traits have been 
collected at this location since 1979. The second Corsican study area is located in the Muro 
valley and separated in two sites: (i) D-Muro (42°32’N, 08°55’E, 350 m), characterized by a 
habitat of deciduous downy oak and sampled since 1993; (ii) E-Muro (42°35’N, 08°57’E, 100 
m), dominated by holm oak at a local scale, and downy oak at a broader scale, and monitored 
since 1998. The D-Rouvière population (43°40’N, 03°40’E, 300 m) is largely dominated by 
downy oaks and has been monitored since 1991. In Corsican landscapes, deciduous woodlots 
(D-Muro) present an early and abundant leaf flush that creates a massive peak in caterpillar 
availability, translating into earlier LD, larger clutches, and higher fledging success than in 
evergreen habitats (E-Muro and E-Pirio) (Blondel et al. 2006). On the other hand, the D- 
Rouvière site has lower caterpillar availability, despite being located in a landscape dominated 
by downy oak and presenting similar breeding parameters as those of the D-Muro site (see 
Table 1).
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Fig. 1. Location of blue tit study sites in the Mediterranean region. The D-Rouvière study 
site is located in continental southern France, c. 450 km from the Corsican sites. D- 
Muro, E-Muro and E-Pirio are located in Corsica. D-Muro and E-Muro are 
separated from E-Pirio by 24 and 29 km, respectively.
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Table 1. Year span, laying date and clutch size (mean ± SD), and sample sizes for plasticity 
and selection analyses in the four blue tit populations.
Time
period
(years)
Mean laying 
date(l = 
January 1st)
Number of observations/number of females Number
of
recruits
Site Mean clutch size All breeding events
Consecutive
breeding
events
Selection
analyses
D-Rouvière 1991-2010 97.9 ± 7.6 10.1 ± 1.6 1168/678 735 / 272 763/483 602
D-Muro 1993-2010 97.1 ±8.4 8.6 ± 1.5 781/540 371/ 150 690/481 336
E-Muro 1998-2010 106.7 ±7.4 7.0 ± 1.2 332/ 173 220 / 74 248/ 131 83
E-Pirio 1979-2010 129.2 ±6.9 6.6 ± 1.1 1295/640 928/316 781/489 275
Monitoring of artificial nest boxes (60-150 per site) allowed us to collect data on LD (date of 
the first egg laid, January 1st = 1) and CS (number of eggs laid) over several years (see Table
1). Number of recruits for each brood was defined as the number of fledglings subsequently 
captured as adults in the study site (excluding data from 2010). Adult birds were captured and 
identified /  ringed when nestlings were 9-15 days old (see Blondel et al. 2006 for further 
details). Only first clutches were included in the analyses, second clutches or repeat clutches 
only representing c. 1% of total clutches. For selection analyses, we excluded records of 
females that had their clutch size manipulated during egg laying, as well as data on broods that 
were experimentally enlarged, reduced or cross-fostered. Table 1 summarizes population 
characteristics and sample sizes for each population.
Environmental variables
Temperature during the pre-laying period has been .identified as influencing LD in many 
studies on temperate breeding passerines (Perrins 1965; Nager & Van Noordwijk 1995; 
Nussey et al. 2005c). However, the exact time period over which birds use temperature cues to 
adjust their LD remains uncertain. Consequently, we used a sliding-window approach (as in 
Brommer, Rattiste & Wilson 2008; Husby et al. 2010) to determine the periods during which 
mean temperature best explained mean annual LD for each site. For each site, mean annual 
LD was correlated with the average temperature for every period ranging from 10 to 60 days 
between January 1 st and the day preceding the first LD in the population. Mean temperatures
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for the time window for which the relationship between average temperature and LD had the 
highest R2 were then used as environmental variables in following plasticity analyses 
(henceforth called tempLD). Mean daily temperatures ([daily maximum temperature + daily 
minimum temperature] /  2) were obtained from local meteorological stations (Muro valley 
sites: 42°31’N, 08°47’E; E-Pirio: 42°24’N, 08°38’E; D-Rouvière: 43°34’N, 03°57’E). For 
Muro valley sites, these data were combined with temperatures recorded in situ from 
dataloggers (iButton thermochrons; model 1922L; Maxim Integrated Products, Sunnyvale, 
CA, USA) placed in 10 nestboxes per site.
To evaluate the biological significance of the tempLD variable and the predictability of the 
environment, additional sliding-window analyses were conducted to identify which time 
periods yielded the best correlations among temperature and date of food abundance peak. 
Date of food peak was determined using food abundance measures taken every 3 days, from 
the start of the egg-laying period up to the fledging of the young, by collecting leaf-eating 
caterpillar frass using 0.25 m2 trays (10-20 trays per site) placed under downy (D-Muro and 
D-Rouvière) or holm (E-Muro and E-Pirio) oaks (Zandt 1994). Data were collected from 2001 
to 2010 for E-Muro, 1993 to 2008 and 2010 for D-Muro, 1987 to 2010 for E-Pirio, and 1991 
to 1997 and 2000 to 2002 for D-Rouvière. Concordance between the time periods found for 
LD and date of food peak (as assessed by the R2 of the linear regression of peak date as a 
function of tempLD) would suggest that the environment at the time of decision-making 
(tempLD) is a good predictor of the environment of selection during the food peak, a 
predictability that is theoretically proportional to the level of plasticity displayed (Gavrilets & 
Scheiner 1993).
Population and individual plastic responses and their variation
Average population response of blue tits to environmental variation was determined by 
performing a cross-sectional analysis where the relationship between annual mean LD and 
tempLD was assessed for each study site. The slope of each regression was then used to 
compare the strength of the population-level response to environmental variation. Significant
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differences in the population response of LD to changes in temperature were tested by pooling 
each population pair in one dataset and testing the significance of the interaction between 
population and tempLD in the following linear model: annual mean LD ~ population + 
tempLD + population * tempLD. We then assessed in two ways whether the population 
response in LD was explained by inter-annual individual variation, that is, plasticity. First, the 
potential strength of individual plasticity was estimated as the slope of the linear relationship 
between within-individual change in the trait (ALD = LD in year 2 - LD in year 1) and 
differences in temperature (AtempLD = tempLD (°C) year 2 - tempLD (°C) year 1) for 
females that bred in at least two consecutive years, including age as a fixed effect in a general 
linear model. Differences in the magnitude of individual plasticity between each population 
pair were assessed by testing the significance of the population* AtempLD interaction term in 
the following model: ALD ~ age + population + AtempLD + population* AtempLD.
Second, using data for all females with at least one recorded breeding event, variation in 
individual phenotypic plasticity was assessed using random regression models, where LD of 
each individual in each year was modelled as a continuous function of the year-specific 
tempLD, using Legendre polynomials. For each site, our model included LD as the dependent 
variable, and age and tempLD as fixed effects. As Legendre polynomials are only defined 
within the range of -1 to +1, measures of tempLD were standardized to fit this range 
(Huisman, Veerkamp & Van Arendonk 2002). The random effects structure was hierarchically 
extended to test patterns of variation in individual phenotypic plasticity, keeping the fixed 
effects model unchanged. We thus tested whether there was (i) inter-individual differences in 
average values of the LD (elevation, i.e. intercept of reaction norms); and (ii) inter-individual 
differences in the response to environmental variation (slopes of reaction norms). Random 
effects significance was assessed using a Likelihood Ratio Test (LRT; Pinheiro & Bates 2000). 
The following models were successively compared:
Model 1 : LD ~ Age + tempLD
Model 2: LD ~ Age + tempLD, random = Year
Model 3: LD ~ Age + tempLD, random = Year + Female identity (elevation)
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Model 4: LD ~ Age + tempLD, random = Year + Female identity (elevation) + Female 
identity*tempLD (slope)
For the E-Pirio population, as mean laying date changed through time (see Results section), 
the above-mentioned models were ran using heterogeneous (decade-specific: 1979—1989; 
1990-1999 and 2000-2010) error variances, thus allowing residual error variance to vary 
through time, while homogeneous error variances were modelled for the other populations. 
Allmodels were fitted using restricted maximum likelihood (REML) methods implemented in 
ASReml v3 (VSNIntemational Ltd, Hemel Hempstead, UK). Significance of the correlation 
between elevation and slope was assessed by comparing the model 4 (above) to a model in 
which the covariance parameter was fixed to zero using a LRT.
Between-population comparison o f plasticity patterns
To compare plasticity patterns between each pair of populations, we pooled datasets from each 
population pair and performed two sets of Model 4 (see the above section): one with variance 
components for each population constrained to be equal, and a second where they were 
allowed to vary (see Husby et al. 2010). The two sets of models were then compared using a 
LRT.
Selection on laying date and clutch size
We first estimated selection differentials on LD (Endler 1986) at each site. However, as LD 
and CS are often correlated with birds (Sheldon, Kruuk & Merilâ 2003; Garant et al. 2008), 
biases in the estimation of selection on LD may arise if selection on CS is not simultaneously 
accounted for. Selection gradients (Lande & Arnold 1983) on LD and CS were therefore also 
estimated at each site (see Table 1 for sample sizes). Individual LD and CS were standardized 
to mean zero and unit variance within each year, and fitness (annual number of recruits) was 
converted to relative fitness by dividing individual number of recruits by the mean annual 
number of recruits for breeding females. Linear selection differentials (i) were obtained by
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regressing relative number of recruits within each year against standardized values of LD 
separately within each study site, and quadratic selection differentials (j) were estimated from 
a model including both linear and quadratic terms. Standardized linear selection gradients (P) 
were estimated from the following multivariate linear model:
© = a + piXi + P2X2 + e eqn 1
where 00 = relative fitness, a  = intercept, x\ = laying date, X2 = clutch size, and s = error term.
Nonlinear quadratic (yi, Yj) and correlational (yy) selection gradients were estimated from the 
model:
© = a + pixi + p2*2 + (yi/2) x i 2 + (Y2/2) X22 + Y12 *1 *2 + e eqn 2
Statistical significance of selection differentials /  gradients was estimated from generalized 
linear mixed models with Poisson (D-Rouvière, D-Muro and E-Muro) or quasi-Poisson 
distribution (correcting for overdispersion -  E-Pirio), relating fitness to unstandardized values 
of the traits, including female identity as a random effect. Selection analyses were performed 
using Genstat v. 10.1.0.72 (VSN international Ltd).
Finally, to test whether selection patterns on laying date are significantly different among 
populations, we used a sequential model building approach (as in Draper & John 1998; see 
also Appendix A in Chenoweth & Blows 2005). For each population pair, we fitted four series 
of two models (generalized linear models with Poisson distribution) as follows:
Model la) Fitness ~ pop + LD
Model lb) Fitness ~ pop + LD + pop*LD
Model 2a) Fitness ~ pop + LD + pop*LD + LD2
Model 2b) Fitness ~ pop + LD + pop*LD + LD2 + pop*LD2
Model 3a) Fitness ~ pop + LD + CS
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Model 3b) Fitness ~ pop + LD + CS + pop*LD
Model 4a) Fitness ~ pop + LD + CS + pop*LD + LD2 + CS2
Model 4b) Fitness ~ pop + LD + CS + pop*LD + LD2 + CS2 + pop*LD2
where fitness = number of recruits and pop = population. Each model pair was then compared 
to test for significant differences among populations in linear selection differential (la  vs. lb), 
quadratic selection differential (2a vs. 2b), linear selection gradient (3a vs. 3b), and quadratic 
selection gradient (4a vs. 4b) on laying date. Significance was obtained by comparing models 
using a LRT.
Results
Sliding-window analyses
Sliding-window analyses showed that temperature periods explaining most variation in LD 
varied among populations (Table 2). With the exception of the E-Muro population, the time 
period where temperature was most correlated with LD was relatively close (<1 month) to the 
population mean LD (Tables 1 and 2). Annual variation in tempLD explained a relatively high 
proportion of annual variation in date of food peak in three o f four populations (D-Rouvière: 
R2 = 0.38, P = 0.08; D-Muro: R2 = 0.44, P = 0.004; E-Muro: R2 = 0.34, P = 0.08). This 
suggests that the laying decision-making could rely on temperatures that are good predictors 
of the caterpillar phenology. In E-Pirio, however, annual variation in peak date was not 
strongly related to tempLD (R2 = 0.09, P = 0.16), suggesting a low predictability of the 
selection environment.
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Table 2. Sliding-window results showing time windows (1 = January 1 st) for which 
temperature was most correlated with laying date and date of food peak and 
associated Pearson’s correlation coefficients.
Site
Laying date Food peak date
Start date End date R Start date End date r
D-Rouvière 39 73 -0.855 21 46 -0.857
D-Muro 42 73 -0.729 62 71 -0.748
E-Muro 20 50 -0.795 44 56 -0.941
E-Pirio 86 105 -0.336 42 57 0.383
Population-level trends over time and environment
No significant temporal trends were detected for LD in D-Rouvière, D-Muro and E-Muro. Yet, 
over 32 years of study in E-Pirio, mean LD advanced by 9 days {F\j\ = 12.47, P  = 0.001). No 
significant warming during the population-specific tempLD periods was detected in our study 
sites over the 17 to 32-year spans (linear regressions of tempLD on year: D- Rouvière: slope = 
-0.056 ± 0.067, t ,8 = -0.833, P = 0.42; D-Muro: slope = -0.008 ± 0.078, t16= 0.108, P = 0.92; 
E-Muro: slope = 9.9 * 10'5 ± 0.109, t\\ = 0.001, P = 1.00; E-Pirio: slope = 0.025 ± 0.017, /30 = 
1.457, P = 0.16). Linear regression models showed significant negative relationships between 
annual mean LD and tempLD in D- Rouvière, D-Muro and E-Muro (D-Rouvière: slope = - 
2.51 ± 0.34, t\% = -6.989, P < 0.001, R2 = 0.73; D-Muro: slope = -2.45 ± 0.55, / 16 = -4.416, P < 
0.001, R2 = 0.55; E-Muro: slope = -2.64 ± 0.61, t\\ = -4.352, P < 0.001, R2 = 0.63), but 
marginally non-significant in E-Pirio (slope = -1.69 ± 0.87, /30 = -1.951, P = 0.060, R2 = 0.11; 
Fig. 2). Between-population differences in these slopes were not significant (results not 
shown; all P > 0.38).
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Population-level plasticity patterns in each study site described as annual mean 
laying date (±SE) against average mean daily temperature for the time period most 
correlated with laying date (tempLD). Plain lines represent significant relationships 
(P < 0.05), dashed lines show non-significant relationships.
Variation in individual plasticity
Estimated slopes for average individual plastic responses of LD in females breeding over
successive years were consistent with population-level responses, with individual females
breeding earlier in warmer years (D-Rouvière = -2.51 ± 0.16, tm  -  16.04; E-Pirio = -0.71 ±
0.23, /316 = 3.05; D-Muro = -1.62 ± 0.23, tm  — 7.54; E-Muro = -1.68 ± 0 .26,174 = 6.36; all P <
0.01), suggesting that the population-level LD responses to temperature are largely explained
by individual plasticity. Between-population comparisons showed significant differences in
the magnitude of individual-level plasticity between all population pairs (population *
AtempLD interaction: D-Rouvière and E-Muro: t$97 = 2.50, P = 0.013; D-Rouvière and D-
Muro: tm  -  3.24, P = 0.001; E-Pirio and D-Rouvière: /1057 = 6.45, P < 0.001; E-Pirio and E-
Muro: r74i = 2.60, P = 0.010; E-Pirio and D-Muro: /sis = 2.96, P = 0.003) except between E-
*
Muro and D-Muro = 0.16, P = 0.88). Random regression models showed significant inter­
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individual differences in average values of LD in all populations (Table 3). Furthermore, 
significant inter-individual variation in the plastic response to temperature (I * E) for LD 
occurred in two of the four sites (D-Rouvière and E-Muro; Table 3). Covariances between 
elevation and slope were positive and significant in all populations (see Table SI for a full 
description of (co)variance components).
Table 3. Statistical significance of adding random terms in linear mixed models o f laying 
date against tempLD. TempLD and age were included as fixed effects in each 
model.
Log-L test d.f. LRT P-value
Rouvière
1. Minimal model -2738.41
2. Year -2663.81 1 vs. 2 1 149.20 < 0.001
3. Year, I -2618.60 2 vs. 3 1 90.42 <0.001
4. Year, I, I x E -2615.11 3 vs. 4 7.64 0.031
Deciduous Muro
1. Minimal model -1971.27
2. Year -1927.76 1 vs. 2 1 87.02 < 0.001
3. Year, I -1895.90 2 vs. 3 1 63.72 < 0.001
4. Year, I, I x E -1894.67 3 vs. 4 2.46 0.29
Evergreen Muro
1. Minimal model -768.05
2. Year -748.37 1 vs. 2 1 39.36 <0.001
3. Year, I -724.00 2 vs. 3 1 48.74 <0.001
4. Year, I, I x E -716.47 3 vs. 4 15.06 <0.001
Pirio
1. Minimal model -3102.25
2. Year -2764.38 1 vs. 2 1 675.74 <0.001
3. Year, I -2673.51 2 vs. 3 1 181.74 <0.001
4. Year, I, I x E -2673.39 3 vs. 4 2 0.24 0.89
Comparison of plasticity (co)variance components for LD between populations showed 
significant differences between D-Rouvière and D-Muro (LRT = 36.02, d.f. = 3, P < 0.001) 
and between D-Muro and E-Pirio (LRT = 56.8, d.f. = 3, P < 0.001), and marginally non­
significant differences between D-Muro and E-Muro (LRT = 6.84, d.f. = 3, P = 0.08) and 
between E-Muro and E-Pirio (LRT = 6.56, d.f. = 3 ,P  = 0.09; see Table 4a).
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Table 4. Between-population divergence in (a) plasticity patterns; and (b) selection 
differentials (linear: models la  vs. lb; nonlinear: models 2a vs. 2b) and gradients 
(linear: models 3a vs. 3b; nonlinear: models 4a vs. 4b) for laying date
A t  D-Rouvière -  D-Muro D-Rouvière -  E-Muro D-Rouvière -  E-Pirio D-Muro -  E-Muro D-Muro -  E-Pirio E-Muro -  E-Pirio
Log-L X2 P Log-L x2 P Log-L X2 P Log-L X2 P Log-L X2 P Log-L X2 P
a) Plasticity :
(1) 3 -4355 60 36.02 <0.001 -2660.55 288 0.41 -4636.01 082 084 -2326.73 6.84 0.08 -3725.84 56.8 <0 001 -2049 62 6 56 0.09
(2) -4337.59 -2659.11 -4635.60 -2323.31 -3697.44 -2046.34
b) Selection :
(la) 1 -1494.01 8.94 0.003 -826.03 1.08 0.30 -1346.58 8.86 0.003 -682.68 8.41 0.004 -1000.77 0.24 0.62 -454.12 5.31 0.021
(lb) -1489.54 -825.49 -1342.15 -678.47 -1000.65 -451.46
(2a) 1 -1489.44 0.56 0.45 •825.46 0.78 0.38 -1341.1 2.43 0 12 -678.25 1.36 0.24 -1000.65 5.54 0.019 -449.99 1 49 022
(2b) -1489.16 -825.07 -1339.89 -677.57 -997 88 -449.25
(3a) 1 -1483.09 6.64 0.010 -823.06 1.22 0.27 -1335 93 7.16 0.008 -679.66 7.93 0.005 -994.58 0.17 0.68 -452.56 5.04 0.025
(3b) -1479.77 -822.45 -1332.35 -675.69 -994.50 -450.04
(4a) 1 -1474.80 0.28 0.60 -819.17 0.92 0.34 -1326.53 2.40 0.12 •675.13 1.08 0.30 -991.72 5.39 0.020 -445.90 1.47 0.22
(4b) -1474.66 -818.71 -1325.33 -674.59 -98903 -445.16
Models :
Plasticity :
1) (Co)variance components constrained to be equal
2) (Co)variance components unconstrained 
Selection :
la)pop + LD
lb) pop + LD + pop*LD
2a) pop + LD + pop*LD + LD2
2b) pop + LD + pop*LD + LD2 + pop*LD2
3a) pop + LD + CS
3b) pop + LD + CS + pop*LD
4a) pop + LD + CS + pop*LD + pop*CS + LD2 + CS2
4b) pop + LD + CS + p0p*LD + pop*CS + LD2 + CS2 + pop*LD2
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Selection on laying date and clutch size across populations
Linear selection differentials and gradients for LD were negative (i.e. number of recruits 
maximized for early breeding females) and significant in E-Pirio and D-Muro only (Table 5). 
Annual linear selection differentials were consistent with global selection estimates, with 
linear selection differentials on laying date being negative in 15 /17  years in D-Muro (five 
significant) and in 2 4 /3 0  years in E-Pirio (three significant), but only in 8 / 1 9  years in D- 
Rouvière (three significant) and in 5 /1 2  years in E-Muro (none significant; see Fig. 3; Table 
S2). Annual linear selection gradients followed a similar trend (see Table S2). We also found 
evidence of nonlinear selection on LD in D-Rouvière, where there was a positive quadratic 
selection differential (Table 5). Annual linear and nonlinear selection differentials for LD and 
gradients for LD and CS are presented in Table S2.
Table 5. Standardized linear (/) and nonlinear (/) selection differentials on laying date and 
linear (P), nonlinear quadratic (y»), and nonlinear correlational (yy) selection 
gradients on laying date and clutch size. Values are provided with their standard 
error. Bold estimates are significant at P < 0.05
Site Selection differentials Selection gradients
iu> ju> Old Pcs Yl d Yes Yuws
D-Rouvière -0.065 ± 0.046 0.082 ±0.032 -0.025 ± 0.050 0.097 ± 0.050 0.093 ±0.037 -0.049 ± 0.034 0.006 ± 0.053
D-Muro -0.286 ± 0.058 -0.006 ±0.041 -0.212 ±0.071 0.129 ±0.071 0.019 ±0.062 -0.021 ±0.060 0.043 ±0.103
E-Muro -0.135 ±0.123 0.062 ±0.101 -0.078 ±0.137 0.130 ±0.137 0.002 ±0.127 -0.185 ±0.123 -0.182 ±0.195
E-Pirio -0.247 ±0.086 0.033 ±0.064 -0.220 ±0.090 0.085 ±0.090 0.049 ± 0.070 -0.100 ±0.069 -0.003 ± 0.095
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Fig. 3. Annual standardized selection differentials for LD (/ld; ±SE) in each study site. 
Dashed line refers to a selection differential o f zero.
Linear selection differentials and gradients differed significantly among four of six pairwise 
comparisons, all involving one population with significant linear selection on LD and one 
without (Linear selection differentials/gradients: D-Rouvière and D-Muro: LRT = 8.94/6.64, 
d.f. = 1 /1 , P = 0.003/0.010; D-Rouvière and Pirio: LRT = 8.86/7.16, d.f. = 1 /  1, P = 0.003/ 
0.008; D-Muro and E-Muro: LRT = 8.41 /7.93, d.f. = 1 /1 ,  P = 0.004/0.005; E-Muro and E- 
Pirio: LRT = 5.31/5.04, d.f. = 1 /  1, P  = 0.021 /0.025; see Table 4b). Nonlinear selection 
differentials /  gradients on LD were significantly different only among D-Muro and E-Pirio
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populations (nonlinear selection differential/gradient: LRT: 5.54/5.39, d.f. = 1/1  ,P  = 0.019/ 
0.020; Table 4b).
Discussion
In this study, we documented patterns of phenotypic plasticity and selection on LD in four 
Mediterranean blue tit populations. We showed that blue tits advanced their LD in years with 
higher tempLD in all populations studied, yet there was lower individual plasticity in the less 
predictable habitat. We further showed that I * E for LD occurred in two populations and that 
linear selection for early LD was present in the other two populations. Our results indicate the 
presence of variation in phenotypic plasticity over a small geographic scale and a possible 
interplay between variation in selection and plasticity patterns of breeding time in wild 
populations.
Population vs individual responses to environmental variation
At the population-level, birds adjusted their LD according to temperature, showing earlier 
mean LD with warmer temperatures in all study sites (although marginally non-significant in 
E-Pirio). The time period for which mean temperature was most related to LD occurred 
relatively close (<1 month) to the reproductive period in three of four study sites, which is 
similar to time lags obtained in recent studies assessing this relationship in avian populations 
(Brommer, Rattiste & Wilson 2008; Husby et al. 2010). The relationships between annual 
mean LD and tempLD were strong in D-Muro, E-Muro and D-Rouvière populations, 
suggesting that temperature has a major influence on seasonal timing of reproduction in these 
populations, as found in previous studies in birds (Both et al. 2004; Dunn 2004). In the E-Pirio 
site, however, only 11% of annual variation in mean LD was explained by tempLD, which 
suggests that other environmental cues, such as an assessment of vegetation phenology, might 
be used for LD adjustment in this population (Bourgault et al. 2010). We acknowledge that 
without further experimental investigation, we can only speculate on the causal links between 
mean temperatures in the time window we used and the egg-laying-date variation. We are
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aware that such causal links are difficult to establish even in controlled settings, as shown by 
contrasted results recently obtained in experimental studies (in aviaries) of temperature effects 
on timing of avian reproduction (see for example Visser, Holleman & Caro 2009; Visser et al. 
2011; Schaper et al. 2012). The correlations observed here between tempLD and laying date 
might thus either be due to a direct use of temperature as cue for the timing of reproduction of 
blue tits, or, alternatively, to the use o f another environmental cue that correlates with the 
population-specific temperature time-windows.
The population-level plasticity patterns observed could be resulting mainly from individual 
phenotypic plasticity, as suggested by the similarity observed in the four populations between 
the slopes describing (i) population-level; and (ii) within-female changes in LD in response to 
varying temperature (see also Przybylo, Sheldon & Merilà 2000). Previous studies in great tits 
reported similar trends of intra-individual change in LD, with females breeding earlier in 
warmer years (Nussey et al. 2005c; Charmantier et al. 2008). The magnitude of the 
relationship between LD and temperature, however, significantly varied among populations; 
individual trends in E-Pirio showed the weakest response and D-Rouvière the strongest, with 
Muro valley sites having intermediate responses. This result may be partly explained by the 
weak predictability of food phenology in Pirio, where temperature in the time window that 
explained laying date was unrelated to food peak date. Our results thus confirm the theoretical 
hypothesis of stronger phenotypic plasticity expressed in more predictable environments 
(Gavrilets & Scheiner 1993; Tufto 2000).
These differences in the magnitude of plasticity are unlikely related to variation in temperature 
patterns between sites, because our analyses over 17-32 years show no temporal increase in 
tempLD in our study sites. This is consistent with a previous study by Visser et al. (2003) that 
showed no temporal increase in mean temperatures (from January 1st to June 15) at the E- 
Pirio site (although conducted using fewer years than in our analysis). Our results, however, 
contrast with multiple studies showing an increase in spring temperatures and related 
advancement of LD in birds (Root et al. 2003 and references therein; Both et al. 2004; Reed et 
al. 2006), including in blue tits (Potti 2009). Given that within Europe, the Mediterranean
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region should be most vulnerable to global change in the coming century, because of 
combined effects of increased temperatures and reduced precipitation (Schrôter et al. 2005), 
further studies, perhaps conducted over longer time periods, are needed to conclude on the 
extent and causes of this variation in temperature and LD trends among populations and 
species in this region.
Between-population variation in plasticity patterns
»
Random regression analyses showed significant inter-individual variation in mean LD in all 
sites, a now-classic result since LD is known to be heritable (e.g. Sheldon, Kruuk & Merilâ 
2003; Garant et al. 2008). We further found evidence for significant positive correlations 
between elevation and slope of LD plasticity in all populations, with females breeding earlier 
therefore having steeper reaction norms for laying date, a result in agreement with previous 
studies on LD plasticity (e.g. Nussey et al. 2005c). However, I x E for LD was only detected 
in E-Muro and D-Rouvière. Thus females in these two sites differ in their plasticity patterns, 
with some females expressing greater LD adjustment than others for a given temperature 
change. In contrast, females from E-Pirio and D-Muro did not differ in the slope of their 
reaction norms. Altogether our results indicate the presence of contrasted variation in plasticity 
patterns between populations at a small spatial scale. Very few studies to date have compared I 
x E patterns among different populations of the same species. Husby et al. (2010) compared 
LD plasticity patterns between great tit populations in Hoge Veluwe, Netherlands (Nussey et 
al. 2005c), and Wytham Woods, UK (Charmantier et al. 2008). They showed that, while I x E 
for LD was present in both populations, there was more variation in the reaction norm slope in 
Hoge Veluwe than in Wytham Woods. Our study showed between-population divergence at a 
much smaller spatial scale, with for example E-Muro and D-Muro being only 6 km apart, and 
not genetically differentiated at neutral loci (M. Porlier unpublished data). Local 
environmental conditions are thus likely to affect variation in I x e  patterns within 
populations, with the potential of generating extensive divergence in plasticity patterns even 
when gene flow between populations is important. An interesting follow-up to our findings
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would be to test whether variation in plasticity at such small geographic scale has a heritable 
component, which would suggest evolutionary potential for locally adaptive plasticity.
Selection pressures on laying date and clutch size
We found significant directional selection for earlier LD in E-Pirio and D-Muro. Such patterns 
are in agreement with previous findings in this species and other passerines in temperate 
regions (van Noordwijk, McCleery & Perrins 1995; Sheldon, Kruuk & Merilâ 2003; Garant et 
al. 2007), where early breeding is an important determinant of offspring recruitment. 
However, we also show that variation in the strength of selection can be found at a small scale, 
with for example linear selection estimates of LD being significantly different between E- 
Muro and D-Muro, located 6 km apart, and between E-Muro and E-Pirio, 24 km apart (see 
also Garant et al. 2007).
Finally, we show no strong evidence for correlational selection on LD and CS. Few studies to 
date have documented patterns of correlational selection in these traits. Garant et al. (2007) 
found that, in a population of great tits in Wytham Woods, UK, early breeding birds with large 
clutches were favoured; while other studies failed to find such a relationship (e.g. Sheldon, 
Kruuk & Merilà 2003). In passerine populations, it seems that no constant pattern of 
correlational selection on LD and CS emerges and that simultaneous optimization of these 
traits may vary among populations.
Interplay between individual plasticity and selection patterns on laying date
Interestingly, the two sites where no I * E for LD was found are also the only sites in which 
we found significant levels of linear selection for earlier LD (Table 6), thus pointing to a 
possible interaction between selection on mean values of a trait and plasticity patterns 
associated with the trait. Interestingly, an artificial selection study of Arabidopsis thaliana has 
recently shown that directional selection on flowering time can reduce the amount of genetic 
variance in reaction norm slope for this trait (Springate et al. 2011). In the absence of
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theoretical models explaining variation in I * E patterns across populations as a function of 
selection, we suggest that the observed patterns of selection and plasticity could be partly 
explained by habitat heterogeneity and food sources variation among populations. In D-Muro 
and E-Pirio, habitat is homogeneous over relatively large geographic scale. While 
Mediterranean landscapes tend to be extremely heterogeneous, c. 95% of the trees belong to a 
single oak species (deciduous or evergreen) at the scale of local habitat patches, which are 
larger than the home range and dispersal potential of blue tits, known to exhibit strong 
philopatry and site fidelity (Blondel et al. 2006). Within those sites, birds are therefore 
breeding and living in spatio-temporally stable habitats and thus should synchronize their 
breeding period to the phenology of the same food source, which could reduce inter-individual 
variation in LD plasticity. Another non-mutually exclusive explanation for this lack of I * E is 
that constant directional selection pressures on LD might have shaped the observed reaction 
norms. Annual selection differentials and gradients on LD show constant strength and 
magnitude across years, thus selecting for constantly earlier LD and possibly for a specific 
reaction norm, which in turn could have reduced inter-individual variation in the slope. This is 
especially likely in our populations as we found positive correlations between elevation and 
slope of plasticity for laying date.
Table 6. Summary of results for plasticity and selection analyses of laying date. Yes = result 
significant at P < 0.05
Site Population- level plasticity
Individual- 
level plasticity I x E
Linear
selection
D-Rouvière Yes Yes Yes No
D-Muro Yes Yes No Yes
E-Muro Yes Yes Yes No
E-Pirio No (P = 0.060) Yes No Yes
On the other hand, the availability of resources is more heterogeneous in D-Rouvière and E- 
Muro, where we found no evidence for directional selection on LD, but presence of I x E for 
this trait. While caterpillars are blue tits preferred food source during the reproductive period,
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when caterpillar abundance falls below 160 mg of frass per m2 per day, blue tits switch to 
other food prey items, such as spiders and grasshoppers (Banbura et al. 1994). Inter-annual 
variation in the timing of resources as a function of temperature may differ between different 
food sources, as vegetation phenology varies differently among species (Sherry et al. 2007). 
Thus, in D-Rouvière, low caterpillar abundance (mean annual food abundance at food peak = 
60 ± 26 mg of frass per m2 per day) and specialization on different food sources could explain 
the absence of directional selection on LD and the differences among individuals in LD 
reaction norms. The E-Muro site is located in a small patch of holm oak surrounded by downy 
oak at a broader scale. Individuals breeding in this site could thus originate from or forage in 
both habitats, leading to different selection pressures and plasticity patterns among individuals 
and a lack of directional selection on LD. Further investigation should focus on identifying the 
habitat of origin of birds breeding in these two populations, to test whether individual 
plasticity for LD is related to habitat features. More generally, these results offer new insights 
on the mechanisms that might shape the levels of I x E observed in natural populations. 
Further theoretical and empirical studies are needed to understand how selection on a life- 
history trait influences variation in its plasticity. Such studies are crucial to understand what 
affects the evolutionary potential of plasticity to evolve in natural populations, particularly in 
the actual context of global environmental changes, where (i) strong directional selection 
pressures on traits such as breeding time are expected; and (ii) phenotypic plasticity might be 
the principal short-term mechanism allowing individuals to adapt to such rapid changes 
(Gienapp et al. 2008).
Conclusion
In conclusion, our results (i) suggest a link between the magnitude of plasticity and 
environmental predictability; (ii) provide evidence for variability in plasticity patterns of 
breeding traits among populations of the same species at a small geographic scale; and (iii) 
identify a possible interplay between patterns o f plasticity and selection. We suggest that these 
patterns are caused by differences in spatio-temporal heterogeneity of the habitat among 
populations. Our study thus emphasizes the need to consider local scale, habitat type,
39
environmental heterogeneity, and selection regimes to get a better insight on the ecological 
causes of reaction norm variation and contemporary evolution in the wild.
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Table SI. a) (Co)variance components ± SE of individual variation in elevation and slope of 
LD, as assessed by linear mixed models; b) Results o f significance testing of the 
cov(elevation, slope) component (comparison of the full model to a model with 
cov(elevation,slope) constrained to zero).
a) (co) variance components ± SE b) Significance test for cov(elevation, slope)
var
(elevation)
cov
(elevation,slope) var (slope) LRT d.f. pval
D-Rouvière 24.97 ±3.34 3.78 ± 1.43 0.96 ± 1.92 6.98 1 ' 0.008
D-Muro 52.07 ± 6.59 3.52 ± 2.96 0.52 ±3.46 12.06 1 <0.001
E-Muro 29.90 ±5.65 5.70 ±2.17 3.47 ± 1.75 7.16 1 0.008
E-Pirio 24.88 ± 2.53 1.15 ± 1.47 0.08* 9.36 1 0.002
* Parameter was constrained within the parameter space, SE is therefore not available.
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Table S2. Annual standardized selection coefficients (linear (i) and quadratic (j) selection 
differentials for laying date (LD); and linear (P), quadratic (y), and correlational 
(Yij) selection gradients for laying date and clutch size (CS)) a) Deciduous-Muro; b) 
Evergreen-Muro: c) Pirio; and d) Rouvière. Values are provided with their standard 
error. Sample sizes (N) correspond to the annual number of clutches included in the 
analyses. Significance was obtained generalized linear model with Poisson 
distribution. Missing values (NA) are due to too few data.
a) Deciduous-Muro
Year N >u> P ju> P
1993 8 0.116 ± 0.561 0.85 -0.642 ± 1.508 0.69
1994 29 0.041 ± 0.324 0.88 -0.660 ±0.962 0.39
1995 28 -0.043 ± 0.272 0.87 0.188 ±0.344 0.58
1996 32 -0.257 ±0.157 0.22 -0.282 ± 0.274 0.33
1997 27 -0.269 ±0.302 0.28 •0.922 ± 0.696 0.07
1998 26 -0.076 ±0.248 0.76 -0.256 ±0.368 0.48
1999 23 -0.155 ±0.422 0.74 0.656 ±1.164 0.62
2000 48 -0.433 ±0.189 0.022 0.152 ±0.314 0.72
2001 57 -0.569 ±0.178 0.002 0.330 ±0.234 0.66
2002 40 -0.406 ±0.198 0.035 0.068 ±0.374 0.65
2003 48 -0.470 ±0.190 0.022 -0.282 ± 0.436 0.15
2004 59 -0.172 ±0.217 0.43 -0.214 ±0.414 0.53
2005 54 -0.425 ±0.174 0.017 0.320 ± 0.254 0.44
2006 65 -0.347 ±0.226 0.09 0.068 ± 0.336 0.72
2007 57 -0.058 ±0.238 0.83 0.412 ± 0.324 0.28
2008 49 -0.315 ±0.301 0.30 -0.288 ±0.390 0.30
2009 40 -0.261 ±0.206 0.24 0.008 ± 0.240 0.68
a) Deciduous-Muro (continued)
Year N 3u> P Pcs P T l d P Yes P Yl d c s P
1993 8 0.083 ±0.566 0.81 -0.545 ±0.566 0.40 2.040 ±5.670 1.00 -0.609 ±2.969 1.00 -0.788 ± 2.242 1.00
1994 29 0.061 ± 0.426 0.86 0.032 ± 0.426 0.93 -2.165 ± 1.207 0.034 -1.926 ± 0.863 0.038 -1.110 ±0.703 0.050
1995 28 0.002 ±0.321 1.00 0.089 ±0.321 0.77 0.833 ± 0.658 0.20 -0.090 ± 0.699 0.75 0.707 ±0.658 0.29
19% 32 -0.234 ±0.189 0.33 0.043 ±0.189 0.87 -0.144 ±0.336 0.54 0.234 ± 0.325 0.64 0.264 ±0.328 0.61
1997 27 -0.074 ±0.371 0.83 0.338à± 0.371 0.23 -1.355 ±0.991 0.09 -0.149 ±0.599 0.59 -0.202 ± 0.661 0.76
1998 26 -0.169 ±0.293 0.55 -0.180 ±0.293 0.53 -0.442 ±0.608 0.42 0.392 ± 0.528 0.50 -0.036 ±0.358 0.78
1999 23 0.023 ±0.480 0.94 0.385 ± 0.480 0.47 0.183 ± 1.619 0.83 -1.241 ±0.931 0.28 -0.369 ±0.783 0.42
2000 48 -0.120 ±0.217 0.19 0.553 ± 0.217 0.006 0.209 ±0.462 0.96 0.385 ± 0.278 0.77 0.010 ±0.340 0.84
2001 57 -0.485 ± 0.213 0.009 0.154 ±0.213 0.44 0.118 ±0.343 0.48 -0.025 ± 0.361 0.78 -0.295 ±0.351 0.39
2002 40 -0.542 ±0.248 0.021 -0.229 ±0.248 0.30 -0.085 ±0.501 0.46 -0.791 ± 0.476 0.10 -0.458 ± 0.479 0.35
2003 48 -0.594 ± 0.259 0.027 -0.185 ±0.259 0.43 -0.142 ±0.723 0.19 0.245 ± 0.600 0.66 0.110 ±0.552 0.76
2004 59 0.118 ±0.275 0.69 0.461 ± 0.275 0.11 0.619 ±0.578 0.36 1.049 ±0.618 0.21 1.143 ±0.495 0.011
2005 54 -0.399 ±0.198 0.036 0.055 ±0.198 0.81 0.157 ±0.522 0.84 0410 ±0.345 0.24 0.001 ±0.311 0.99
2006 65 -0.090 ±0.293 0.51 0.400 ±0.293 0.12 0.116 ±0.610 0.77 0.031 ±0.700 0.70 0.009 ±0.512 0.73
2007 57 -0.272 ±0.291 0.41 -0.367 ± 0.291 0.27 0.653 ± 0.470 0 31 0.872 ± 0.553 025 0.565 ± 0.495 0.49
2008 49 0.035 ± 0.389 0.97 0.543 ±0.389 0.17 -0.764 ± 0.858 0.37 -0.223 ± 0.957 056 -0.449 ±0.755 0.68
2009 40 -0.283 ± 0.270 0.29 -0.035 ±0.270 0.82 -0.0% ±0.467 0.71 -0.662 ± 0.679 0.40 -0.251 ±0.485 071
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b)Ev«»greien-Muro
Year N ■l d P ju> P
1998 6 -0.050 ±0.836 0.94 -1.214 ± 1.356 0.70
1999 5 0.705 ± 1.225 0.56 -1.379 ±4.401 1.00
2000 15 0.000 ±0.574 1.00 -0.048 ± 1.571 0.98
2001 30 0.271 ±0.313 0.34 0.186 ±0.554 0.81
2002 27 -0.418 ±0.515 0.37 -1.163 ±0.985 0.14
2003 27 -0.603 ± 0.362 0.15 0.348 ± 0.496 0.98
2004 26 0.138 ±0.287 0.63 0.223 ± 0.553 0.70
2005 27 0.371 ±0.281 0.19 -0.124 ±0.367 0.49
2006 29 -0.682 ± 0.441 0.09 2.202 ±0.785 0.009
2007 20 -0.514 ±0.432 0.23 -0.317 ±0.716 0.33
2008 19 0.153 ±0.481 0.77 -0.832 ± 1.183 0.49
2009 17 -0.177 ±0.387 0.61 0.208 ±0.642 0.74
b)Ev«Tgreen-Muro (continued)
Year N Ol d P Pcs P Yl d P Yes P Yl d c s P
1998 6 0.132 ±0.934 0.97 0.647 ± 0.934 0.35 NA NA NA NA NA NA
1999 5 3.132 ±2.489 1.00 2.757 ± 2.489 1.00 NA NA NA NA NA NA
2000 15 0.030 ±0.588 0.98 -0.408 ±0.588 0.50 0.773 ± 1.648 0.73 -2.407 ± 1.228 1.00 -0.140 ±0.645 1.00
2001 30 0.214 ±0.358 0.53 -0.125 ±0.358 0.70 -0.405 ± 0.760 0.38 -0.058 ± 0.869 0.78 -0.488 ± 0.483 0.31
2002 27 -0.175 ±0.695 0.70 0.368 ±0.695 0.63 -2.127 ± 1.580 0.48 -3.629 ± 2.846 1.00 -2.912 ±2.918 0.83
2003 27 -0.427 ± 0.408 0.31 0.384 ±0.408 0.39 0.040 ±0.774 0.93 0.061 ± 0.888 0.96 -0.368 ± 0.682 0.89
2004 26 0.283 ±0.321 0.38 0.326 ± 0.321 0.31 0.025 ± 0.726 0.86 -0.519 ±0.633 0.28 -0.263 ±0.513 0.40
2005 27 0.333 ±0.319 0.31 -0.085 ±0.319 0.78 0.075 ±0.614 0.92 -0.282 ± 0.557 0.49 0.303 ±0.661 0.60
2006 29 -0.346 ±0.489 0.49 0.713 ±0.489 0.11 2.312 ±0.920 0.049 0.905 ± 1.093 0.62 0.408 ±0.737 0.17
2007 20 -0.753 ± 0.559 0.17 -0.386 ± 0.559 0.34 -0.200 ± 1.430 0.25 -0.594 ± 1.733 0.26 -0.213 ± 1.294 0.26
2008 19 0.100 ±0.544 0.86 -0.127 ±0.544 0.82 -1.025 ± 1.583 0.48 0.322 ± 0.997 0.67 -0.141 ±0.890 0.97
2009 17 -0.197 ±0.404 0.58 -0.135 ±0.404 0.72 -0.164 ±0.853 0.76 -0.595 ± 0.900 0.41 -0.616 ±0.824 0.33
c)Piri0
Year N ILD P J l d P
1980 6 -0.815 ±0.731 1.00 2.054 ±2.090 1.00
1981 5 0.047 ±1.291 0,97 -3.390 ±3.288 1.00
1982 11 0.166 ±0.568 0.79 1.527 ±1.315 0.33
1983 20 -0.492 ± 0.606 0.34 -0.284 ± 0.914 0.26
1984 10 -0.063 ±0.222 0.86 NA NA
1985 21 -0.458 ± 0.379 0.13 -0.181 ±0.755 0.44
1986 23 -0.054 ±0.315 0.81 -0.280 ±0.372 0.30
1987 24 0.230 ±0.258 0.39 0.229 ±0.498 0.74
1988 38 -0.038 ±0.303 0.90 -0.608 ±0.511 0.23
1989 33 -0.368 ±0.366 0.31 -0.185 ±0.587 0.55 -
1990 15 -0.045 ± 0.438 0.92 1.812± 1.384 0.21
1991 19 -0.863 ± 0.280 0.025 0.733 ± 0.470 0.83
1992 27 -0.126 ±0.304 0.63 0.177 ±0.454 0.68
1993 19 -0.303 ± 0.359 0.47 -1.206 ±0.790 0.20
1994 27 -0.306 ±0.308 0.31 -0.223 ± 0.533 0.43
1995 45 -0.105 ±0.292 0.69 0.992 ±0.552 0.06
1996 46 -0.081 ±0.302 0.79 -0.097 ± 0.646 0.87
1997 32 -0.840 ±1.021 0.43 -0.218 ± 1.802 1.00
1998 32 -0.060 ±0.412 0.86 0.984 ±0.610 0.07
1999 14 -0.847 ±0.406 0.11 0.199 ±0.610 0.35
2000 48 0.082 ±0.241 0.75 0.273 ±0.303 0.44
50
2001 33 0.216 ±0.349 0.57 0.517 ±0.728 0.56
2002 17 -0.626 ± 0.352 0.013 1.287 ±0.828 0.62
2003 19 -0.532 ±1.049 0.44 0.055 ± 1.250 1.00
2004 29 -0.595 ± 0.274 0.013 0.979 ±0.418 0.026
2005 52 -0.286 ± 0.227 0.17 -0.154 ±0.359 0.45
2006 13 -1.024 ±0.668 0.21 1.155 ± 1.641 0.94
2007 29 -0.151 ±0.307 0.64 -0.925 ± 0.736 0.22
2008 32 -0.782 ±0.704 0.26 0.209 ± 1.006 1.00
2009 42 0.147 ±0.577 0.80 -0.806 ±0.734 0.19
c) Pir 
Year
0 (« 
N
intinued)
Ol d P Des P Yl d P Ycs P Yl d c s P
1980 6 -1.001 ±0.841 1.00 0.545 ± 0.841 0.49 NA NA NA NA NA NA
1981 5 0.177 ±3.075 0.94 -0.152 ±3.075 0.94 NA NA NA NA NA NA
1982 11 0.187 ±0.595 0.75 0.296 ±0.595 0.62 2.741 ± 1.024 1.00 2.385 ± 0.809 1.00 0.950 ±0.602 1.00
1983 20 -0.270 ±0.718 0.43 0.434 ±0.718 0.31 -1.218 ± 1.924 1.00 -0.788 ± 1.756 1.00 -1.090 ±0.981 1.00
1984 10 -0.104 ±0.221 0.77 -0.251 ±0.221 0.49 NA NA NA NA NA NA
1985 21 -0.458 ± 0.389 0.13 0.007 ± 0.389 0.98 -0.224 ± 0.829 0.49 -0.374 ± 0.732 0.57 -0.073 ± 0.453 0.82
1986 23 0.000 ±0.324 0.99 0.267 ± 0.324 0.25 -0.329 ±0.403 0.12 -0.364 ± 0.608 0.15 0.118 ±0.388 0.17
1987 24 0.197 ±0.264 0.47 -0.201 ± 0.264 0.45 0.369 ±0.585 0.65 -0.175 ±0.549 0.61 0.274 ± 0.369 0.44
1988 38 -0.068 ±0.318 0.82 -0.115 ±0.318 0.70 -0.845 ± 0.580 0.16 -0.461 ± 0.446 0.28 -0.121 ±0.380 0.47
1989 33 -0.628 ±0.411 0.13 -0.546 ±0.411 0.19 0.164 ±0.678 0.51 1.421 ± 1.207 0.30 0.471 ±0.556 0.94
1990 15 -0.245 ± 0.436 0.67 -0.675 ± 0.436 0.14 1.983 ± 1.490 0.27 -0.574 ± 1.108 0.75 -0.243 ± 0.492 0.65
1991 19 -0.871 ± 0.303 0.038 -0.025 ± 0.303 0.79 0.892 ± 0.584 0.94 -0.626 ±0.617 0.44 0.242 ± 0.422 0.87
1992 27 -0.020 ±0.336 0.91 0.258 ± 0.336 0.37 -0.220 ±0.506 0.50 0.494 ± 0.639 0.91 -0.597 ± 0.309 0.23
1993 19 -0.014 ± 0.352 0.81 0.762 ±0.352 0.10 -1.674 ±0.963 0.18 0.186 ±0.615 0.91 -0.217 ±0.504 1.00
1994 27 -0.106 ±0.304 0.61 0.640 ± 0304 0.049 -0.456 ±0.617 0.33 0.652 ± 0.583 0.92 -0.453 ± 0.585 0.27
1995 45 0.083 ±0.318 0.69 0.449 ±0.318 0.13 1.155 ± 0.555 0.048 -0.494 ±0.566 0.30 0.501 ± 0.328 0.14
1996 46 -0.090 ±0.320 0.78 -0.031 ± 0.320 0.92 0.228 ±0.684 0.99 0.481 ±0.488 0.51 0.576 ±0.322 0.10
1997 32 -0.648 ±1.175 0.52 0.409 ±1.175 0.72 -1.230 ±2.454 1.00 -2.128 ± 1.974 1.00 -1.706 ± 1.849 1.00
1998 32 0.047 ±0.440 0.91 0.318 ±0.440 0.38 1.245 ±0.625 0.050 -1.456 ±0.852 1.00 -0.268 ± 0.489 0.24
1999 14 -0.748 ±0.431 0.19 -0.342 ±0.431 0.53 0.027 ± 0.753 0.16 -0.695 ± 1.324 1.00 0.261 ± 0.932 0.40
2000 48 0.089 ±0.307 0.79 0.012 ±0.307 0.97 0.000 ±0.564 0.91 0.027 ± 0.628 1.00 -0.309 ±0.569 0.61
2001 33 0.267 ± 0.363 0.50 0.215 ±0.363 0.57 0.711 ± 0.988 0.59 0.847 ± 0.657 0.24 -0.257 ± 0.708 060
2002 17 -0.341 ± 0.371 0.12 0.635 ±0.371 0.15 0.1550± 1.086 0.07 -0.771 ± 1.164 0.022 -0.994 ± 0.850 0.024
2003 19 -1.071 ±1.197 0.28 -1.134 ± 1.197 0.18 1.300 ±3.189 1.00 0.594 ± 2.262 1.00 1.209 ±3.408 1.00
2004 29 -0.611 ± 0.283 0.014 -0.090 ±0.283 0.95 1.172± 0.476 0.043 -1.068 ±0.515 0.15 -0.686 ± 0.343 0.49
2005 52 -0.280 ±0.230 0.17 0.058± 0.230 0.75 -0.138 ±0.374 0.40 -0.212 ±0.361 0.35 -0.110 ±0.231 0.45
2006 13 -1.821 ±0.693 0.09 -1.469 ±0.693 0.40 0.645 ±1.940 0.65 1.447 ±4.703 1.00 1.443 ±3.160 1.00
2007 29 0.032 ±0.342 0.74 0.403 ± 0.343 0.26 -0.710 ±0.862 0.50 0.106 ±0.518 0.75 0.148 ±0.418 0.84
2008 32 -0.841 ±0.815 0.26 -0.123 ±0.815 0.72 0.429 ± 1.240 1.00 -1.298 ± 1.511 1.00 -0.049 ± 1.243 1.00
2009 42 0.257 ±0.602 0.64 0.415 ±0.602 0.49 -0.716 ±0.867 1.00 -0.672 ±1.141 1.00 -0.101 ±0.596 1.00
d) Rouviere
Year N iu> P iu> P
1991 29 0.367 ±0.246 0.17 -0.277 ±0.390 0.38
1992 30 0.466 ±0.280 0.08 1.141 ± 0-363 0.036
1993 30 -0.058 ±0.301 0.80 0.030 ±0.483 0.94
1994 22 0.311 ±0.351 0.39 -0.117 ±0.493 0.69
1995 33 0.191 ±0.273 0.38 0.599 ± 0320 0.049
19% 41 -0.139 ±0.177 0.34 0.433 ±0.283 0.08
1997 54 -0-396 ±0.178 0.017 0.450 ±0.302 0.26
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1998 42 -0.660 ± 0.181 <0.001 0.836 ±0.311 0.65
1999 28 -0.024 ±0.233 0.90 -0.395 ± 0.300 0.12
2000 60 -0.026 ±0.162 0.86 -0.219 ±0.278 0.37
2001 38 0.129 ±0.215 0.58 -0.552 ± 0.348 0.17
2002 47 0.075 ±0.164 0.67 -0.048 ±0.234 0.83
2003 64 -0.279 ±0.132 0.026 0.185 ±0.214 0.58
2004 67 -0.091 ±0.136 0.50 -0.091 ±0.244 0.67
2005 45 0.028 ±0.204 0.90 0.020 ±0.341 0.96
2006 50 0.050 ±0.132 0.70 0.560 ±0.146 <0.001
2007 27 -0.163 ±0.143 0.33 -0.194 ±0.289 0.52
2008 40 -0.293 ±0.216 0.11 0.332 ± 0.224 0.15
2009 16 0.024 ± 0.441 0.96 -1.227 ±0.847 0.21
d)Roi ivierie (continued)
Year N Old P Pcs P Yld P Yes P Yl d c s P
1991 29 0.558 ±0.290 0.07 0.352 ±0.290 0.26 -0.205 ± 0.526 0.33 -0.382 ±0.549 0.35 -0.173 ±0.383 0.33
1992 30 0.455 ±0.300 0.12 -0.035 ± 0.300 0.91 0.965 ± 0.390 1.00 -0.148 ±0.329 0.31 -0.386 ± 0.233 0.24
1993 30 0.058 ±0.328 0.78 0.295 ± 0.328 0.24 -0.135 ±0.634 0.67 0.064 ± 0.595 0.79 -0.186 ±0.438 0.51
1994 22 0.327 ±0.361 0.38 0.132 ±0.361 0.74 -0.054 ± 0.571 0.77 0.241 ±0.730 0.78 0.627 ± 0.775 0.47
1995 33 0.373 ± 0.328 0.13 0.328 ± 0.328 0.22 0.851 ± 0.397 0.048 0.175 ±0.540 0.81 0.567 ± 0.426 0.28
1996 41 -0.113 ±0.202 0.48 0.0S5 ± 0.202 0.75 0.479 ± 0.376 0.13 -0.048 ± 0.405 0.89 0.059 ±0.282 0.75
1997 54 -0.356 ±0.219 0.051 0.070 ±0.219 0.72 0.200 ±0.409 0.94 -0.120 ±0.347 0.82 -0.288 ±0.316 0.35
1998 42 -0.738 ±0.204 <0.001 -0.172 ±0.204 0.70 1.002 ±0.418 0.82 0.172 ±0.183 0.57 0.280 ±0.322 0.99
1999 28 0.363 ±0.248 0.09 0.703 ± 0.248 0.002 0.484 ± 0.555 0.61 0.957 ± 0.430 0.21 1.121 ±0.593 0.54
2000 60 0.032 ±0.182 0.85 0.131 ±0.182 0.42 -0.357 ±0.326 0.11 -0.324 ±0.360 0.14 -0.261 ±0.181 0.08
2001 38 0.239 ±0.252 0.38 0.213 ±0.252 0.42 -0.364 ±0.577 0.40 0.206 ±0.452 0.74 0.213 ±0,489 0.84
2002 47 0.160 ±0.186 0.41 0.180 ±0.186 0.36 0.069 ±0.277 0.86 -0.074 ±0.313 0.67 0.203 ± 0.277 0.57
2003 64 -0.324 ± 0.139 0.015 -0.144 ±0.139 0.30 0.171 ±0.249 0.80 -0.412 ±0.247 0.07 -0.018 ±0.152 0.65
2004 67 0.042 ±0.147 0.93 0.309 ± 0.147 0.038 0.178 ±0.310 0.59 -0.051 ±0.257 0.53 0.097 ±0.166 0.54
2005 45 0.023 ± 0.208 0.92 -0.053 ± 0.208 0.81 0.072 ± 0.401 0.89 -0.498 ±0.413 0.25 0.058 ±0.261 0.84
2006 50 0.053 ±0.144 0.70 0.008 ±0.144 0.95 0.588 ± 0.194 0.007 0.110 ±0.244 0.64 0.074 ±0.182 0.63
2007 27 -0.153 ±0.168 0.42 0,021 ±0.168 0.89 -0.202 ±0.345 0.56 -0.339 ±0.431 0.45 -0.123 ±0.326 0.78
2008 40 -0.346 ±0.228 0.07 -0.169 ±0.228 0.25 0.599 ± 0.242 0.07 -0.513 ±0.238 0.11 -0.111 ±0.274 0.60
2009 16 0.060 ±0.467 0.89 0.161 ±0.467 0.71 -1.855 ±0.943 0.19 -1.919 ±0.841 0.19 -0.266 ± 0.553 0.72
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CHAPITRE 3
POTENTIEL ADAPTATIF
Portier, M., Garant, D., Charmantier, A. Spatio-temporal effects of environmental conditions 
on evolutionary potential in wild bird populations. Soumis à Evolution le 26 octobre 2012.
Description de Particle et contribution
Bien qu'il soit connu que le potentiel adaptatif des traits phénotypiques puisse varier en 
fonction de la qualité de l'environnement, les connaissances sur l’étendue et la direction de 
cette variation sont à ce jour limitées. L’intérêt de cet article réside principalement dans la 
conduite d'analyses de génétique quantitative sur différentes populations d'une même espèce 
situées dans un environnement spatio-temporellement hétérogène, nous ayant permis d'évaluer 
i) l'effet de la variabilité interpopulationnelle de la qualité de l'environnement sur le potentiel 
adaptatif, et ii) l'effet de variations temporelles de la qualité de l'environnement au sein d'une 
population, et ce de façon répliquée. Le premier objectif de l'article vise à décrire les 
(co)variances génétiques de traits morphologiques et reproducteurs de populations de 
Mésanges bleues et leur variation temporelle (au niveau intra-populationnel) et spatiale (au 
niveau inter-populationnel). Le second objectif est de déterminer la relation entre les patrons 
de variation observés et la variabilité spatio-temporelle de la qualité de l'environnement. Les 
résultats découlant de ce chapitre ont donc contribué à la compréhension des effets de la 
variabilité spatio-temporelle de l'environnement sur le potentiel adaptatif des traits.
J’ai élaboré l’idée à la base de cet article en collaboration avec Dany Garant et Anne 
Charmantier, contribué à quatre saisons de collecte de données utilisées dans ce manuscrit (en 
effectuant la collecte des données et en coordonnant une partie des activités de terrain), 
effectué toutes les analyses et rédigé la première version du manuscrit. Anne Charmantier et 
Dany Garant ont commenté plusieurs versions du manuscrit.
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Spatio-temporal effects of environmental conditions on evolutionary potential in wild
bird populations
Evolution, soumis le 26 octobre 2012 
Porlier, Melody; Garant, Dany; Charmantier, Anne.
Abstract
The adaptive potential of populations depends on the quantity o f heritable genetic variation 
present for traits under selection. While several studies have shown that environmental 
conditions can affect heritability levels, no consensus emerges about the direction and 
magnitude of these changes. Here, we assessed the extent of spatio-temporal variation in 
genetic (co)variances and heritability of morphological and reproductive traits and 
investigated whether these were linked to environmental conditions using long-term data from 
four Mediterranean blue tit populations (Cyanistes caeruleus). Genetic variation was found for 
each trait in at least one population, including the first report o f significant heritability of 
incubation time in wild birds. Laying date was positively genetically correlated to body 
condition in two populations, and negatively correlated to clutch size and incubation time in 
one population. Genetic variances and heritabilities varied across populations independently of 
measured environmental quality. Within populations changes in environmental quality did not 
covary with levels of genetic variance for reproductive traits, but genetic variances and 
heritabilities of body condition increased with increasing habitat quality. We show here that 
environmental effects on these parameters are scale- and trait-dependent, providing insight on 
the mechanisms affecting the evolutionary potential of traits in wild populations.
Keywords: Evolutionary potential, habitat quality, animal model, random regression, additive 
genetic variance.
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Introduction
A central goal in evolutionary biology is to predict if and how a population will adapt to 
changing environmental conditions. Evolutionary potential, or the ability of populations to 
respond to selection pressures, depends on the heritability of traits (h2), i.e. the proportion of 
total phenotypic variance (Vp) explained by additive genetic effects (VA; Falconer and McKay 
1996; Lynch and Walsh 1998). So far, attempts to predict adaptive responses in wild 
populations based on such quantitative genetic estimates have yielded equivocal results 
(reviewed in Merilâ et al. 2001; Gienapp et al. 2008; Kruuk et al. 2008), suggesting that our 
understanding of evolutionary potential is still incomplete. This limited apparent power to 
predict evolutionary response can result from inadequate estimations o f selection and/or 
heritability of focal traits. Among the main limitations to this approach is the classic 
estimation of evolutionary potential via heritability of a single trait when processes occurring 
in the wild are fundamentally multivariate (Walsh and Blows 2009). In the attempt to integrate 
the fact that selection acts simultaneously on different correlated traits, it is crucial to quantify 
the matrix of genetic (co)variances displayed by a set of potentially correlated characters, or G 
matrix (Blows 2007). A second complexity arises from the possibility that evolutionary 
potential of a trait can vary according to environmental conditions, owing to changes in the 
expression of genetic variance between environments, changes in the environmental 
component of phenotypic variation, or low cross-environmental genetic correlations 
(Hoffmann and Merilâ 1999; Charmantier and Garant 2005). Predictions of the evolutionary 
response of a trait to changes in the environment therefore require knowledge of how the 
environment affects the genetic (co)variances of traits.
Studies in both artificial and natural conditions have investigated the effects of environmental 
variation, expressed in terms of environmental quality, on the direction and magnitude of 
changes in heritability. In laboratory settings, work conducted on Drosophila species showed 
increased heritability levels with higher environmental stress (reviewed in Hoffmann and 
Parsons 1991). However, further investigation on other taxa showed that this trend is not 
ubiquitous, and can be reversed (Hoffmann and Merilâ 1999). Other studies involving brood-
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size experiments in bird populations showed evidence for generally decreasing heritability 
levels in enlarged broods, considered of lower environmental quality owing to poorer feeding 
regimes (Merilâ and Sheldon 2001). This positive relationship between heritability and 
environmental quality has since been found within other taxa in the wild, significantly so for 
morphometric traits (Wilson et al. 2006, Pelletier et al. 2007), but not so much for traits more 
closely related to fitness (Garant et al. 2008; see also Charmantier and Garant 2005 for a 
review). Therefore, there is yet no consensus as to the direction and magnitude of change in 
heritability across environmental conditions in natural populations.
Several reasons have been proposed to explain the discrepancies found among studies. First, 
the effects of severe stressors and novel conditions imposed on populations in laboratory 
conditions or experimental settings are expected to differ from those induced by naturally 
occurring environmental variation (Hoffmann and Merilâ 1999). This emphasizes the 
importance of conducting complementary studies in natural settings to better predict the 
effects of environmental variation on evolutionary potential of wild populations. Another 
problem arises in the assessment and ranking of environmental quality. Evaluating the quality 
of habitats is notoriously difficult, and past studies have often used specific environmental 
variables as a proxy for environmental quality, such as parasitism (Charmantier et al. 2004a), 
predation levels (Dingemanse et al. 2009), population density (Garant et al. 2005), or 
temperature (Husby et al. 2011). However, while these specific environmental variables affect 
the traits under investigation, they do not allow a comparison of the effects of favourable vs. 
unfavourable environments across a variety of situations, or even across traits within one 
population. A more meaningful measure of environmental quality should thus be more closely 
linked to fitness, and ideally encompass an overall measure of population demography (e.g. 
Johnson 2007). Finally, evolutionary potential may also vary between populations of the same 
species, due to differences in population history (for instance past selection pressures, drift, or 
founder effects, see for example Charmantier et al. 2004b; Dingemanse et al. 2009; Lampei 
and Helborger 2010; Kim et al. 2012). A more thorough knowledge of the range of possible 
effects of environmental quality on evolutionary potential therefore requires the study of 
several populations of the same species, ideally residing in contrasting environments.
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Here, we assessed the extent of spatio-temporal variation in genetic (co)variances and 
heritabilities of morphological and reproductive traits in wild populations. We then 
investigated Whether these variations could be explained by naturally-occurring differences in 
environmental conditions (measured as the mean number of fledglings, see below) between- 
and within-populations. We used long-term data on four Mediterranean blue tit (Cyanistes 
caeruleus) populations ideally suited for quantitative genetic studies due to the availability of 
extensive pedigree information and phenotypic data, on both morphological (body condition, 
i.e. body mass corrected for tarsus length, see Materials and Methods) and reproductive traits 
(laying date, clutch size, and incubation time) putatively linked to fitness in passerines (Potti 
1999; Garant et al. 2007; Kluen et al. 2011; Porlier et al. 2012a). These populations are located 
in a landscape composed of patchy mosaics of heterogeneous habitats, with forest covers 
either dominated by deciduous oaks (Quercus pubescens) or evergeen oaks (Quercus ilex). 
This habitat variation has been previously linked to differences in habitat quality (Lambrecths 
et al. 2004), and translates into a greater average number of fledglings per brood with an 
increasing proportion of deciduous oaks in the habitat (Blondel et al. 2006). Furthermore, the 
mean annual number of fledglings varies within populations as a function of annual variation 
in food abundance (Tremblay et al. 2003), and parasitism (Thomas et al. 2007). This system 
thus provides an excellent setting to evaluate the effects of naturally-occurring environmental 
quality variation, both spatially (between populations) or temporally (among years within 
populations) on evolutionary potential.
Materials and Methods
Study systems
We used data collected in four blue tit populations, with landscapes dominated either by the 
deciduous downy oak Quercus pubescens (site names starting with D-) or by the evergreen 
holm oak Quercus ilex (site names starting with E-). One study site is located in southern 
France (D-Rouvière), and the other three sites are located in north-western Corsica (E-Pirio, 
D-Muro and E-Muro; see Fig. 1) with 6 to 30 km separating them (Figure 1). All populations
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were monitored as part of a long-term research program for 14 to 33 years (see Table 1 for 
sampling years -  see also Porlier et al. 2012a for details). Each year, nest-boxes were visited 
every other day during the reproductive period, where data on laying date (LD; date of first 
egg laid) and clutch size (CS; number of eggs) were collected. Since blue tits lay one egg per 
day, incubation time (IT) was calculated as the number of days between the laying of the last 
egg and the hatching date. Adult blue tits were captured in nest-boxes during the feeding of 
their young, banded with a unique metal identifier, and subject to morphological 
measurements (body mass, tarsus length). Nestlings were also banded before fledging. Capture 
and handling of the birds was done under permits provided by the Centre de Recherches par le 
Baguage des Populations d'Oiseaux (CRBPO) and the Direction Départementale des Services 
Vétérinaires (DDSV)-
r?
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Figure 1. Blue tit study sites in the Mediterranean region. D-Rouvière population is located in 
southern France, and D-Muro, E-Muro and E-Pirio in northwestern Corsica. In 
Corsica, E-Muro is separated from D-Muro by ~ 6 km, and from E-Pirio by ~ 30 
km.
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Pedigrees were constructed in a similar way for each population. We first included all ringed 
nestlings that were assigned to a mother and a father based on observational data (caught in 
the same nest box). For a subset of individuals (N = 161), molecular assignation of the 
biological father using microsatellite data was performed in previous analyses (Charmantier et 
al. 2004c), and observational pedigree data were corrected accordingly. In populations of this 
study system, 14 to 25% of nestlings are sired by an extra-pair mate (Charmantier and Blondel 
2003; Charmantier et al. 2004c), a proportion that is unlikely to bias our heritability estimates 
considering the sample sizes involved (Charmantier and Réale 2005, Table 1). Unknown 
parents were coded using a dummy identity in the pedigree to preserve sibship information. 
Pedigrees were pruned for each trait studied to retain only phenotyped individuals and their 
ancestors (prunePed in R software -  see Morrissey and Wilson 2010). Sample sizes and 
pedigree information are presented in Table 1.
Table 1. Population information, sample sizes and pruned pedigree statistics. Pedigree 
statistics are presented in each population for the traits with the lowest and highest
data availability.
Sample
years
Mean nb 
fledglings (SD)
Nb observations (Nb females) Pedigree information
Population Laying
Date
Clutch
size
Incubation
time
Body
condition
Nb
individuals
Nb
generations
D-Muro 1993-2011 6.60(2.93) 849(583) 848 (583) 865 (590) 780 (547) 694-716 6-7
D-Rouvi£re 1991-2011 6.24(4.09) 1151 (689) 1136(687) 1013(649) 924 (595) 847-954 10-13
E-Pirio 1979-2011 4.33(2.51) 1291 (628) 1289(628) 1297 (658) 797(501) 636-807 11-12
E-Muro 1998-2011 4.05 (3.00) 371 (194) 371 (194) 380(195) 340(183) 229-239 5-6
Environmental variables
Year- and population-specific measures of environmental quality were assessed using the 
mean number of nestlings per brood that survived until fledging (i.e. total number of 
fledglings in a population for a given year, divided by the total number o f first broods). 
Number of fledglings showed considerable variation both between- and within-populations, 
with a difference of ~2.5 fledglings (~35%) on average between the low-quality evergreen and
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high-quality deciduous populations (see Table 1), and a difference of 2.4 to 6.7 fledglings 
between the lowest and highest quality year in each population (corresponding to 29 %, 75 %, 
71 % and 48 % change for the D-Muro, D-Rouvière, E-Pirio and E-Muro populations, 
respectively; Figure 2).
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Figure 2. Variation in mean annual number of fledglings in the four blue tit populations 
studied.
Quantitative genetic analyses
Phenotypic trait variances (Vp) were partitioned into additive genetic (VA) and environmental 
(permanent environment (V p e), year (Vy), and residual ( V r ) )  components using an animal 
model approach. We first fitted univariate models for each trait and population separately, 
using the following model:
Trait, ~ Xb, + Zja t + Z^pe/ + Zjy, + ej ( 1 )
where Trait/ is the vector of individual (/') trait values, X is the design matrix relating to fixed
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effects (age for LD and CS; no fixed effects for IT; and age, date and tarsus length for body 
mass, which thus represents an index of body condition, CDT), Zj, Za and Z3 are the incidence 
matrices relating to additive genetic (aO, permanent environment (peO and year (y,) random 
effects, respectively, and ej is the vector of residual errors. This model was solved in a REML 
framework using the software ASReml (v.3.0., VSN International Ltd). The significance of 
each random effect was assessed by dropping each term from the full model and comparing 
both models using a Likelihood Ratio Test (LRT; Pinheiro and Bates 2000) using two-tailed 
statistics. Maternal, paternal and common environment (nestbox) effects were also tested but 
were never significant (results not shown). Heritability (h2) was calculated as the ratio of 
additive genetic variance on total phenotypic variance. However, while h2 is the most 
commonly used measure for defining evolutionary potential, its usefulness compared to other 
measures of evolvability is debated (see for example Hansen et al. 2011). We therefore also 
calculated another measure of evolutionary potential, the coefficient of additive genetic 
variance (CVa; Houle 1992), as 1 0 0 * ( V a ° 5/x ) , where x represents the trait mean. However, 
since C V a has meaning only for traits with a natural zero point (Hansen et al. 2011), and 
therefore cannot be applied to LD, we only report this measure for CS, IT and CDT.
Genetic covariances ( c o v a )  and correlations (/-a )  between traits were assessed using 
multivariate versions of the animal model presented above. We performed multivariate 
analyses between traits having a significant (greater than zero) additive genetic component in 
the univariate analyses. Genetic covariances were thus assessed either including all four traits 
for the D-Rouvière site, or by performing bivariate analyses in the E-Pirio population. 
Significance of the covariances between traits was assessed using a LRT that compared the 
original (unconstrained) model to a model in which we constrained the additive genetic 
covariance between two traits to be equal to zero. Phenotypic covariances and correlations 
were obtained using ASReml and significance was tested using one-sample t-tests.
i) Between-population variation
To test whether additive genetic variances differed significantly among populations, we ran a
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series of models in which we pooled the data from each possible population pair and 
performed bivariate analyses for pairs of population-specific traits (standardized within each 
population to zero mean and unit variance). Differences between populations were assessed by 
comparing a first (unconstrained) model, where population-specific VA were allowed to differ, 
to a second (constrained) model where population-specific Va were constrained to be equal. In 
each model, Vpe was constrained to be equal to the estimate obtained from the first 
(unconstrained) model, in order to specifically assess a difference in VA, but not VPE, among 
populations. Significance was assessed by comparing the two models with a LRT. For both 
models, covariance components between populations were fixed to zero.
ii) Within-population variation
We investigated whether VA levels varied within-populations as a function of environmental 
quality using random regression animal models (RRAM), which allow fitting the random 
components as a function of a continuous variable to test whether the genetic basis of traits 
varied as a function of environmental quality (see also Wilson et al. 2006; Brommer et al. 
2008). The RRAM were as follows:
Trait/ ~ Xb/ + Zicp(a/,ni,Env) + Z2(p(pe„n2,Env) + Z3y, + (2)
where Env corresponds to the annual population mean number of fledglings (standardized 
within each population to fit the range -1 to +1), and <p(a„ni,Env) and q>(pe/,n2,Env) are the 
random regression functions of orders ni and n2 of the additive genetic and permanent 
environment effects of individual i which vary as a function of environmental quality. The 
error term (e) was allowed to vary between four categories of environmental quality (split 
according to 25, 50 and 75 percentiles). Fixed effects were the same as in standard univariate 
models, with the addition of standardized environmental quality. We first fitted zero order 
polynomials (ni = n2 = 0), in which both additive genetic and permanent environment variance 
components were constant through environments. We then fitted first-order functions (ni = n2 
= 1), where VA and Vpe were allowed to vary linearly as a function of the environment quality.
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The two models were then compared using a likelihood-ratio test with 4 degrees of freedom, 
since 4 additional parameters are estimated in the second model (variances in slopes and 
covariances between elevation and slope for VA and Vpe; see also Husby et al. 2011). For CDT 
in E-Muro and E-Pirio, however, Vpe was effectively zero in the standard univariate models, 
and random regression models of order one including Vpe did not converge. We therefore 
performed random regression analyses without the Vpe component in these two cases, and 
compared the random regression models of order zero and one using a LRT with two degrees 
of freedom. Second-order polynomials were also fitted but were never significant (results not 
shown).
Finally, using the estimates derived from the RRAMs of order n=l, predictions of 
environment-specific VA values were derived. The environment-specific additive genetic 
variance/covariance matrix (G) was obtained using the following equation:
G = zQzt  (3)
where z corresponds to the vector of orthogonal polynomials evaluated for each standardized 
environmental quality values, Q is the additive genetic variance/covariance matrix obtained 
with the RRAMs. Standard errors of environment-specific VA were calculated following 
Fischer et al. (2004), with confidence intervals defined as twice the standard errors. 
Environment-specific h2 estimates were also obtained by dividing environment-specific VA 
values by their respective Vp, and environment-specific CVA's were calculated as 
100*(Va° 5/x ), where VA and x are the environment-specific VA and trait means.
Results
Between-population comparisons
We found significant levels of additive genetic variation in 8 out of 16 trait/population 
combinations, with all traits having significant levels of VA in at least one population (see
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Table 2). All traits displayed significant VA in D-Rouvière, one trait in D-Muro (CS) and E- 
Muro (CDT), and two in E-Pirio (CDT and LD). Significant VA translated into higher 
heritability values for the morphological trait (h2 ranging from 0.438 ± 0.100 to 0.507 ± 0.060 
for CDT) than for reproductive traits (h2 ranging from 0 for IT in D-Muro and E-Pirio to 0.380 
±0.160 for CS in D-Muro; see Table 2).Values of CVA, however, mirrored VA levels, with 
lower values for CDT than for reproductive traits (Table 2).
Table 2. Variance components (Vy: year variance; Vpe: permanent environmental variance;
VA: additive genetic variance; Vr: residual variance; Vp: total phenotypic variance; 
/i2: heritability; CVA: coefficient of additive genetic variance) obtained from 
univariate animal model analysis of body condition (CDT), laying date (LD), clutch 
size (CS) and incubation time (IT) in four blue tit populations. Bold values are 
significant at P < 0.05. See text for model details. Standard errors are indicated in 
parentheses; n/a indicates non-available standard error when the corresponding 
parameter is bounded at zero by the model.
Trait Population Vy Vre V* Vr Vr h1 CVA
D-Muro 23.879 (8.462) 12-338 (7.661) 12.569(7.709) 21.749 (1.917) 70.535 (8.808) 0.178 (0.110) ...
LD
D-Rouvière 23.694 (7.675) 5.590 (3.085) 7.463(3.138) 21.231 (1.366) 57.977(7.831) 0.129(0.056) —
E-Pirio 19.739 (5.262) 4.277(3.162) 7.636 (3.276) 12.887(0.719) 44.539(5.378) 0.172(0.075) —
E-Muro 18.297 (7.634) 5.958 (8.053) 9.157(8.364) 16.462(1.757) 49.874(8.067) 0.184 (0.168) —
D-Muro 0.107(0.852) 0.379 (0.406) 0.979(0.425) 1.112(0.099) 2.578(0.144) 0.380(0.160) 11.508
CS
D-Rouvière 0.235 (0.089) 0.761 (0.286) 0.806 (0.298) 1.226(0.084) 3.027 (0.163) 0.266 (0.095) 8.912
E-Pirio 0.100(0.034) 0.528 (0.169) 0.107 (0.161) 0.712 (0.039) 1.447(0.070) 0.074(0.111) 4.908
E-Muro 0.048 (0.038) 0.160(0.305) 0.418(0.316) 0.872 (0.090) 1.497 (0.124) 0.279 (0.206) 9.135
D-Muro 0.227 (0.106) 0.960 (0.289) 0.000 (n/a) 3.301 (0.284) 4.488 (0.234) 0.000 (n/a) 0.000
IT
D-Rouvière 1.465 (0.530) 0.302 (0.796) 1.624 (0.753) 8.089 (0.562) 11.479(0.698) 0.141 (0.065) 8.731
E-Pirio 0.410 (0.135) 0.069(0.109) 0.000 (n/a) 3.608(0.178) 4.087(0.195) 0.000 (n/a) 0.000
E-Muro 0.293(0.160) 0.170(0.410) 0.100(0.409) 1.911 (0.180) 2.474(0.221) 0.040(0.165) 2.438
D-Muro 0.013 (0.006) 0.084 (0.034) 0.024 (0.032) 0.087 (0.008) 0.208(0.012) 0.114 (0.155) 1.607
CDT
D-Rouvière 0.015(0.007) 0.018 (0.026) 0.119(0.029) 0.120(0.009) 0.271 (0.015) 0.438(0.100) 3.162
E-Pirio 0.032(0.013) 0.000 (n/a) 0.123(0.014) 0.102(0.008) 0.256 (0.017) 0.479 (0.046) 3.807
E-Muro 0.016 (03)08) 0.000 (n/a) 0.090 (0.016) 0.072 (0.008) 0.177 (0.017) 0.507 (0.060) 3.143
Significant differences in the magnitude of VA among populations were found for 7 pairwise 
comparisons (CS: D-Rouvière vs. E-Pirio, LRT = 11.82, p < 0.001 ; D-Muro vs. E-Pirio, LRT =
64
15.61, p < 0.001; E-Muro vs. E-Pirio, LRT = 5.55, p = 0.019; IT: D-Rouvière vs. D-Muro, 
LRT = 10.52, p < 0.001; CDT: D-Rouvière vs. D-Muro, LRT = 17.83, p < 0.001; D-Muro vs.
Figure 3). Between-population VA differences for IT involving populations of D-Muro and E- 
Pirio were not tested since Va for IT in these two populations were bounded at zero (see Table 
2), with thus no standard error available.
Figure 3. Between-population differences in VA and associated standard errors for the 4 traits 
studied in each population (ordered on the x-axis by decreasing average number of 
fledglings). For each trait, different letters indicate significantly different VA 
between populations. For incubation time, pairwise population differences involving 
D-Muro and E-Pirio were not tested since VA was bounded at zero and therefore 
standard errors were not available. See text for tests statistics.
E-Muro, LRT = 14.06, p < 0.001; D-Muro vs. E-Pirio, LRT = 23.75, p < 0.001; all d.f. = 1; see
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Multivariate quantitative genetic analyses assessed the presence of genetic covariances 
between traits. In all cases where phenotypic covariances were significant, additive genetic
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covariances were so as well: we found a significant positive additive genetic covariance 
between LD and CDT both in E-Pirio (covA = 0.384 ± 0.290, LRT = 4.14, d.f. = 1, p = 0.042) 
and D-Rouvière (covA= 0.285 ± 0.230, LRT = 3.88, d.f. = 1, p = 0.049), where birds carried 
genes for both a higher body condition and a delayed breeding in the season (Table 3). In the 
D-Rouvière population, we also found a significant negative genetic covariance between LD 
and CS (covA= -1.809 ± 0.769, LRT = 6.8, d.f. = 1, p = 0.009) and between LD and IT (covA = 
-1.535 ± 1.278, LRT = 4.54, d.f. = 1, p = 0.033; Table 3).
Table 3. Phenotypic (above) / additive (below) genetic covariances (below main diagonal) 
and correlations (above main diagonal) between traits in a) D-Rouvière, and b) E- 
Pirio. Results are presented only for traits with significant levels of additive genetic 
variance in univariate models. For D-Rouvière, covariances were obtained from a 
multivariate model of 4 traits. Standard errors are shown in parentheses. *: p < 0.05;
**: p <  0.01; 0.001.
ÉL
LD CS IT CDT
LD -------- -0.227 (0.060)*** -0.491 (0.158)**
-0.209(0.061)***
-0.346(0.241)*
0.287 (0.051)*** 
0.280 (0.209)*
CS -2.957(0.711)*** -0.037 (0.042) -0.019(0.044)-1.809(0.769)** 0.060 (0.255) -0.323 (0.208)
IT -5.504(1.585)*** -0.221 (0.249) -0.001 (0.042)-1.535(1.278)* 0.087 (0.374) -0.030 (0.290)
CDT 1.176(0.272)*** 
0.285 (0.230)*
-0.017(0.041) 
-0.108 (0.070)
-0.001 (0.079) 
-0.012(0.117)
--------
b)
LD CDT
LD 0.286 (0.053)***
0.459 (0.299)*
CDT 0.960(0.213)*** 
0.384 (0.290)*
Within-population variation
Comparing models where VA and Vpe were fixed to models where they were allowed to vary 
according to environmental quality showed no variation in VA across environments for
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reproductive traits (Table 4). However, VA for CDT varied across environments in both D- 
Rouvière and E-Muro (Table 4). Plotting environment-specific VA and h2 for CDT across 
standardized environmental quality showed an increase of VA and h in high quality years in 
both D-Rouvière and E-Muro (Figure 4). In D-Rouvière, this relationship was further marked 
by a quadratic component, with levels of VA and h2 higher in the lowest-quality years than in 
average-quality years (Figure 4).
Table 4. Random regression analyses of order n = 0 and n = 1. Significant values indicate 
presence of Vpe and VA variation across environments (see main document for 
model details), n.s. = non-significant (Log-L of model with order n=0 higher than 
model with order n=l). n/a = information not available due to failure o f model
convergence.
Trait Population Log-L n =0 Log-L n=l d.f. chi2 P
D-Muro 275.03 n/a 4 n/a n/a
Condition D-Rouvière 216.25 226.04 4 19.57 <0.001
E-Pirio 224.88 225.23 2 0.69 0.71
E-Muro 156.93 160.39 2 6.92 0.031
D-Muro -2028.09 -2028.13 4 -0.08 n.s.
Laying date D-Rouvière -2593.39 -2595.03 4 -3.28 n.s.
E-Pirio -2650.31 -2649.85 4 0.92 0.92
E-Muro -805.323 -804.67 4 1.31 0.86
D-Muro -762.216 -762.09 4 0.26 0.99
Clutch size D-Rouvière -1049.76 -1050.40 4 -1.28 n.s.
E-Pirio -751.76 -753.07 4 -2.62 n.s.
E-Muro -240.45 -244.94 4 -8.99 n.s.
D-Muro -954.18 n/a 4 n/a n/a
Incubation D-Rouvière -1636.89 -1634.22 4 5.34 0.25
duration E-Pirio -1473.16 -1474.21 4 -2.10 n.s.
E-Muro -293.58 -299.53 4 -11.91 n.s.
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Figure 4. Within-population variation of Va, Vp, h2 and CVa for CDT across a gradient of 
environmental quality (standardized mean annual number o f fledglings) in D- 
Rouvière (a, c, e, g) and E-Muro (b, d, f, h). Dashed lines indicate 95% confidence 
intervals.
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Discussion
Using long-term phenotypic data and detailed pedigrees over 5 to 13 generations of blue tits in 
four Mediterranean populations located in spatio-temporally heterogeneous habitats, we 
showed substantial variation in the levels of additive genetic variance and heritability for 
morphometric traits between and within populations, and for reproductive traits between 
populations. These results indicate that evolutionary potential of traits can vary across very 
small spatio-temporal scales. This variation is attributed to habitat quality differences across 
years, but not across study sites, where variation in additive genetic variance and heritability 
may rather depend on the specific population history.
Evolutionary potential o f  morphological and life-history characters
All traits studied displayed significant additive genetic variance in at least one population. 
Several studies in birds have previously found significant Va for adult body mass or condition 
(Gosier and Harper 2000; Jensen et al. 2003; Bushuev et al. 2012), and for LD and CS (e.g. 
Sheldon et al. 2003; McCleery et al. 2004; Postma and Van Noordwijk 2005a; Garant et al.
2008). However, our study shows, to our knowledge, the first documented evidence of a 
significant Va for IT in a wild bird population, following Husby et al. (2012)’s findings of 
very low and non-significant levels of heritability (h2 = 0.04 ± 0.02) in Swedish collared 
flycatchers (Ficedula albicollis). Incubation is a crucial period during birds’ reproduction, 
when a common challenge faced by birds in temperate forests is to adjust their breeding 
phenology in order to synchronize the late nestling stage with the food peak period (Dunn 
2004; Visser et al. 2006). While it is well known that females can do so by adjusting their 
laying date (e.g. Both et al. 2004; Nussey et al 2005), the fine tuning of chick phenology can 
also be modulated through variation in incubation time, either by: a) a delay of the start of 
incubation after clutch completion (Cresswell and McCleery 2003), b) a start of incubation 
before last egg is laid (Vedder 2012) leading to asynchronous hatching, or c) an adjustment of 
the efficiency of incubation following the completion of the clutch (Haftom 1988) Thereby, 
evidence for a heritable basis of IT implies that this trait could not only be adjusted through
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phenotypic plasticity (as for laying date; see Charmantier et al. 2008) but that it could also 
evolve in the long-term. This is particularly important in the actual context o f global 
environmental changes; while phenotypic variation for LD is greater than that of IT, and thus 
evolutionary changes in LD remain the most likely mechanism allowing for the adaptation.of 
timing of reproduction, evolutionary response of IT could further help avian populations to 
track the advancing phenology of their food resources due to warming spring temperatures 
(Visser et al. 2006; Visser 2008). A detailed study on this incubation period is required to test 
the specific causes of variation in incubation duration between females.
While all traits showed a heritable genetic basis, measures o f evolutionary potential varied 
across traits studied. Heritability levels were higher for the morphometric traits (CDT; mean ± 
SE /j2 = 0.385 ± 0.183) than the reproductive traits (LD, CS and IT; mean /i2 = 0.154 ± 0.116), 
consistent with previous empirical studies in birds (McCleery et al. 2004; Teplitsky et al.
2009) and mammals (Kruuk et al. 2000; Coltman et al. 2005) and theoretical expectations 
(Price and Schluter 1991). However, the most appropriate measure to be used to assess 
evolutionary potential is a recurrently debated topic in evolutionary biology (see Pigliucci 
2008). While h2 is still widely used since it can be used to predict evolutionary change using 
the breeder's equation (Falconer and McKay 1996), it is argued that a mean-scaled measure of 
evolvability, such as CVA, is more meaningful since it offers the advantage of being 
comparable across traits and studies (Houle 1992; Hansen et al. 2011). Comparing these two 
measures across traits in our study showed that, contrary to patterns obtained with h2, CVA 
values were on average lower for morphometric (mean = 2.930 ± 0.934) than reproductive 
traits (mean = 7.605 ± 3.302). This is concordant with the findings of Houle (1992), 
suggesting that scaling the additive genetic variance by the mean yields a higher value of 
evolutionary potential for life-history than reproductive traits.
Genetic covariances between traits
Evolutionary response to selection depends not only on the heritable fraction of a trait, but also 
on the presence of genetic correlations among traits under selection. Here we found evidence
70
for genetic correlations in all populations where at least two traits were significantly heritable. 
CDT and LD were positively phenotypically but also genetically correlated in both E-Pirio and 
E-Rouvière. These results are somewhat counterintuitive, since it is commonly thought that 
female birds adjust their timing of reproduction according partly to their body condition: birds 
in better condition should be able to breed earlier in the season (Bêty et al. 2003; Descamps et 
al. 2011), which could result in a negative phenotypic covariance between laying date and 
body condition. The positive phenotypic and genetic associations observed here could be a 
consequence of smaller females being able to gather resources for reproduction before larger 
females, a pattern that has been shown in Eastern kingbirds (Murphy 1986). We also found 
significant negative genetic covariance between LD and CS in the D-Rouvière population, 
with an additive genetic correlation (rA = -0.491 ± 0.158) of similar magnitude to those 
previously reported in collared flycatchers (rA = -0.41 ± 0.09; Sheldon et al. 2003) and great 
tits (Parus major, rA = -0.42 ± 0.11; Garant et al. 2008). Furthermore, IT was negatively 
genetically correlated to LD in the D-Rouvière population, possibly as a result o f selection on 
timing of hatching as discussed previously. Again, in a context where an important challenge 
for birds is to time the period of maximal food abundance with the late nestling stage and that 
this timing is dependent both on laying date and incubation time (see above), it is possible that 
stabilizing selection on hatching date translates into selection for longer incubation periods in 
early-laying birds, and shorter incubation periods in late-laying birds. Such pattern of selection 
could have potentially shaped the negative genetic correlation observed between LD and IT.
Environmental effects on evolutionary potential
Previous studies in wild populations showed a tendency for increased heritability and additive 
genetic variance in high quality habitats, especially for morphological traits (Charmantier and 
Garant 2005). However, between-population variation in levels o f heritable genetic variance 
depends largely on population-specific evolutionary forces, and might be less affected by 
differences in environmental quality. Our results are in concordance with this latter hypothesis: 
while there is great variation in the amount of genetic variance displayed between populations, 
with 7 out of 19 pairwise comparisons yielding significant differences, the relationship
between environmental quality and VA was inconsistent across traits. Additive genetic 
variance was higher in populations with highest average number o f fledglings for CS, with VA 
for CS significant only in deciduous populations, and significantly lower in E-Pirio. These 
relationships were similar for h2 and CVA, suggesting greater evolutionary potential in good 
habitats for these traits. Yet, levels of VA for LD were similar across populations, which is 
relatively surprising since the strength of selection acting on LD shows great variation across 
these populations. Indeed, we previously documented significant directional fecundity 
selection favouring earlier laying date in D-Muro and E-Pirio, but not in D-Rouvière and E- 
Muro (Porlier et al. 2012a). These different selection pressures could in theory have depleted 
the amount of VA for LD to a higher degree in D-Muro and E-Pirio. It is however possible that 
these selection pressures are only recent or that they show strong fluctuations over long 
periods, thereby allowing the persistence of VA for LD. Finally, no relationship was found 
between environmental quality and additive genetic variance for IT, with significant VA for IT 
in only one (D-Rouvière) population, and significantly lower VA for CDT in the highest 
quality population (D-Muro). Additive genetic variance estimated for CDT was notably 
significantly different between D-Muro and E-Muro, two populations that are located only 6 
km apart and are not genetically differentiated at neutral loci (Porlier et al. 2012b). This 
reinforces the idea that the additive genetic variance in traits can vary at an extremely small 
spatial scale and despite gene flow among wild populations (Garant et al. 2005; Postma and 
van Noordwijk 2005b; Kim et al. 2012). Further studies should aim at determining whether 
this variation in VA between closely located populations is due to underlying genetic 
divergence at quantitative loci or to differential expression of the same set o f genes in each 
environment.
Random regression analyses showed significant variation in VA as a function of annual 
environmental quality for CDT in D-Rouvière and E-Muro. Plotting the environment (year)- 
specific VA values against standardised environmental quality showed a positive trend 
between CDT and environmental quality in both populations. This temporal variation along a 
gradient of environmental quality was however not observed for reproductive traits, as was the 
case in several other studies (reviewed in Charmantier and Garant 2005). It has been suggested
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that in less heritable fitness-related traits (Falconer and Mackay 1996), variation in A2 
according to environmental conditions would be harder to detect. Here, however, we found no 
temporal variance in VA levels for reproductive traits, despite the fact that VA was 
substantially higher for those traits than for CDT, suggesting that lack of statistical power is 
not responsible for the absence of a trend. Another possible explanation is that, during harsher 
conditions, individuals could prioritize resource allocation to fitness-related traits rather than 
to morphological traits, thereby causing variation in VA and /i2 for morphological, but not 
reproductive, traits. However, it is important to note that the absence of VA variation along a 
gradient of environmental quality does not imply an absence of variation relative to another 
environmental variable. For instance, while our results show an absence of VA or Vpe variation 
as a function of environmental quality, individuals do exhibit individual variation in their 
patterns of LD variation as a function of spring temperature in two of the populations studied 
here (D-Rouvière and E-Muro), indicative of Vpe change for LD as a function of temperature 
(Porlier et al. 2012a). Evolutionary potential of a reproductive trait could thus possibly vary 
along a gradient of the environmental variable inducing a plastic response of this trait, but 
exhibit stability as a function of environmental quality.
Conclusions
Our results showed important spatio-temporal fluctuations in additive genetic (co)variances 
for one morphological and three life-history traits, and emphasize the effects o f variation in 
environmental conditions as a driver of within-population variation in genetic variation for 
morphological traits. Our study also document considerable spatial variation in additive 
genetic variance at an extremely small spatial-scale. The question remains whether such 
variation generally results from adaptive processes such as local adaptation to differing 
selection pressures, or rather from stochastic ones such as drift. Further studies aiming at 
determining the origin in differences in genetic (co)variances across populations could benefit 
from the development of new genomics tools contrasting signatures of genome-wide selection 
across space and time (Hohenlohe et al. 2010; van Bers et al. 2012), as well as from theoretical 
approaches modeling how these differences can be maintained in populations connected by
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high levels of gene flow (Guillaume and Whitlock 2007; Guillaume 2011). Our findings 
finally highlight the value of long-term datasets in several wild populations of the same 
species in heterogeneous environments to better understand the complexity of evolutionary 
dynamics across space and time.
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Table SI. Power analyses for the 4 populations studied. Numbers represent the proportion of 
significant heritability obtained at each levels (out of 1 000 permutations) using the 
pedantics R package1.
h2 D-Muro D-Rouvière E-Pirio E-Muro
0.1 0.080 0.117 0.091 0.091
0.2 0.182 0.438 0.194 0.127
0.3 0.373 0.735 0.405 0.174
0.4 0.570 0.923 0.618 0.278
0.5 0.766 0.993 0.807 0.387
0.6 0.908 0.998 0.924 0.518
l: Morrissey M. B. and A. J. Wilson. 2010. pedantics, an R package for pedigree-based genetic 
simulation and pedigree manipulation, characterization and viewing. Mol. Ecol. Res. 10:711-
719
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CHAPITRE 4
STRUCTURE DE POPULATIONS
Porlier, M., Garant, D., Perret, P., and A. Charmantier. 2012. Habitat-linked population 
genetic differentiation in the blue tit Cyanistes caeruleus. Journal of Heredity 103 (6):781- 
791.
Description de l’article et contribution
Cet article a pour objectif de définir la structure de population de la Mésange bleue en Corse, 
et de la relier aux variables environnementales appropriées. L'identification des variables 
écologiques responsables de la structure génétique est en effet d'une importance majeure en 
biologie évolutive, puisqu'elle permet de comprendre comment l'environnement agit sur les 
forces évolutives responsables de la formation des populations en milieu naturel. Une grande 
force de l’étude consiste en la quantification simultanée des effets des caractéristiques 
environnementales inter- et intra-populationnelles sur la structure génétique observée, en 
utilisant des analyses novatrices de génétique du paysage. Ces analyses nous ont permis 
d'évaluer de façon indirecte les effets de la sélection divergente par rapport au flux génique 
dans l'établissement de la structure de population de la Mésange bleue en Corse, et ainsi de 
comprendre quels mécanismes évolutifs sont responsables de la formation des populations.
Pour cet article, j ’ai contribué à l’élaboration du plan d’échantillonnage et à la coordination du 
travail de terrain en collaboration avec Philippe Perret, collecté une grande partie des données, 
coordonné/effectué le travail de laboratoire, fait la totalité des analyses et rédigé la première 
version du manuscrit. Dany Garant et Anne Charmantier ont contribué aux réflexions 
entourant la réalisation de cette étude et ont commenté plusieurs versions du manuscrit.
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Abstract
Although the recent emergence of the field of landscape genetics has led to several studies 
investigating the effects of habitat composition between populations on genetic differentiation, 
much less is known on the impact of within-habitat ecological characteristics on levels o f gene 
flow and genetic differentiation among populations. Using data on 840 individuals sampled in 
8 sites in Corsica and 1 in southern France and analyzed at 10 microsatellite loci, we assessed 
the spatial and temporal population genetic structure of blue tits (Cyanistes caeruleus) in 
Corsica and identified the ecological factors, both between- and within-sampling sites, 
responsible for the observed genetic structure. We found temporally stable fine-scale genetic 
structure within Corsica, with genetic differentiation values among populations corresponding 
to ~25% of levels observed between Corsica and the mainland. This structure was not 
explained by the geographic distance among populations or by the presence of physical 
barriers but was instead related to local habitat types (deciduous or evergreen oaks). Our 
results are thus consistent with previously documented phenotypic differences among habitats 
in morphological and reproductive traits. These findings suggest that although individuals 
have high dispersal ability, local adaptation might reduce gene flow among populations 
located in different habitats.
Keywords: dispersal, environmental heterogeneity, gene flow, landscape genetics, 
microsatellites, population structure
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Introduction
Identifying ecological factors that affect population genetic structure is crucial for our 
understanding of evolutionary processes in nature and valuable for the development of 
efficient conservation strategies. The recent advent of new molecular, statistical, and computer 
tools has led to the emergence of the field of landscape genetics, aiming at deciphering the 
ecological causes of genetic variation and gene flow among populations (Manel et al. 2003). 
As a result, recent studies have used landscape genetics approaches to characterize fine-scale 
population genetic structure in several species, including those with a high potential for 
dispersal, such as anadromous or marine fishes (Dionne et al. 2008) and birds (Barr et al.
2008). In these studies, genetic structure has been linked to various habitat features, including 
geographic distance among populations (Barlow et al. 2011, for example), presence of 
physical barriers to gene flow (i.e., mountain chains, Mila et al. 2009; roads, Kuehn et al. 
2007; or rivers, Chambers and Garant 2010), or land use and habitat fragmentation between 
sampled populations (Cushman 2006; Sork and Smouse 2006; Porlier et al. 2009).
However, levels of gene flow among populations not only depend on dispersal among patches 
of habitats but also on efficient reproductive success within the new habitat. Thus, even when 
habitats among populations allow for the dispersal of individuals, within-habitat 
characteristics can still modify expected gene flow among populations, through their effects on 
reproductive success (Garant et al. 2007). For example, strong local adaptation o f populations 
to their local habitat can lead to a reduction in fitness of migrants, thus constraining gene flow 
and increasing genetic differentiation among populations (Hendry 2004; Nosil et al. 2005). 
Furthermore, spatial genetic structure can also be reinforced by habitat selection behavior, for 
instance if birds tend to choose breeding habitats similar to their natal habitat (Stamps et al.
2009), if they settle in habitats that best match their phenotypes (matching habitat choice, 
reviewed in Edelaar et al. 2008; see also Garant et al. 2005), or due to divergent mating 
signals, leading to non random mate choice (Seddon and Tobias 2007). In both cases, this 
nonrandom gene flow might produce genetically differentiated populations among habitats. 
These processes might be of utmost importance in the determination of population genetic
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structure in the wild, given the growing evidence that local adaptation can occur over very 
small spatial and short temporal scales (Hendry and Kinnison 1999; Carroll et al. 2007; Fraser 
et al. 2011).
Here, we investigated the impact of ecological factors, both among- and within-sampling sites, 
on the resulting genetic structure of the blue tit (Cyanistes caeruleus), inhabiting 
heterogeneous environments on the island of Corsica (France). The blue tit is a small forest 
passerine commonly found throughout Europe and preferentially living in oak forests o f low 
and mid-altitude. In the Mediterranean region, 2 subspecies of blue tits are mostly present: C. 
caeruleus caeruleus, the most common subspecies, found throughout Europe, and C. 
caeruleus ogliastrae, with individuals -15% smaller than C. caeruleus caeruleus and differing 
in coloration, present in the Iberian peninsula, Sardinia, and Corsica (Martin 1991). The 
Corsican landscape is characterized by a vastly naturally preserved landscape, formed by a 
heterogeneous, fine-grained mosaic of habitats, with patches o f either deciduous oaks (Downy 
oak Quercus humilis) or evergreen oaks (Holm oak Quercus ilex or Cork oak Quercus suber) 
at low- and mid-altitude levels (see Corine Land Cover map from the European Environment 
Agency, http://sdl878-2.sivit.org/). Corsica is also known for its mountainous landscape, 
notably with a high altitude mountain chain (culminating at >2700 m; Monte Cinto) crossing 
the island from north to south, which could lead to isolation of populations. Furthermore, a 
long-term study project on blue tit populations of north-western Corsica has shown great 
phenotypic divergence among populations breeding in deciduous, evergreen, and mixed 
habitats (Lambrechts et al. 1997; Blondel et al. 2006). For example, differences in blue tits 
breeding time between deciduous and evergreen woodlots reach up to 1 month, with mixed 
habitat (deciduous and evergreen) populations breeding at an intermediate time. Such habitat- 
associated phenotypic differences on traits closely associated with fitness suggest a potential 
role for local adaptation to each habitat type, which could in turn affect levels o f gene flow 
and genetic differentiation among habitats.
The main objective of our study was to test for the presence of population genetic structure in 
Corsican blue tits and, if present, to identify the ecological factors responsible for the observed
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structure. More specifically, using data collected in 8 blue tit sampling sites in Corsica and 1 in 
southern France, we aimed at 1) characterizing the population genetic structure of blue tits on 
the island of Corsica, as well as its temporal stability, and 2) using a landscape genetics 
approach, identifying which ecological factors, both among- (geographic distance, presence of 
high-altitude mountain chains) and within-sampling sites (evergreen, deciduous, or mixed 
habitat), are responsible for the observed patterns of genetic structure within this study system.
Material and Methods
Study System and Data Collection
Adult blue tits were sampled at 9 sites in 2009: 8 sites located throughout Corsica and 1 site 
(Rouvière) located in southern France (see Table 1; Figure 1). As part of long-term population 
studies (Blondel et al. 2006), 3 of these sites (Rouvière, Deciduous-Muro and Pirio) were also 
sampled in 1995-1996 and 2001-2003, and a fourth site (Evergreen-Muro) was sampled in 
2001-2003 (see Supplementary Table 1 for sample sizes). Individuals were captured from 
March to May either in nest-boxes during the chick-rearing period (Rouvière, Deciduous- 
Muro, Evergeen-Muro, Pirio) or using mist nets just before the laying period when birds are 
already territorial (Castagniccia, Cap Corse, Tavera, Bonifacio, Olmeto). Geographic 
coordinates of capture locations for each individual were taken using a Garmin Etrex H GPS, 
with a precision level of ±10 m. All individuals were banded at first capture, and sex was 
determined based on the presence of a brood patch or by molecular sexing (see below). Blood 
samples were taken for each individual from the brachial vein and transferred either on a 
qualitative P8 grade filter paper (Fisher Scientific), air-dried and stored individually in sealed 
plastic bags at room temperature (birds captured in 2009) or stored at 4°C in Queen’s lysis 
buffer (birds captured before 2009) until DNA extraction. Capturing, handling, and blood 
sampling of the birds were done under permits provided by the CRBPO and the DDSV.
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Table 1. Sample sizes, observed (Ho) and expected (He) heterozygosity, number o f alleles 
(A), allelic richness 0 4  r ) ,  and frequency of null alleles ( F n u l l )  for each locus at each 
sampling site in 2009
Cas c c Tav Bon Ohn E-Mur D-Mur Pa Rou Overall
Locus Sample size 55 42 40 54 42 60 67 72 48 480
Pca2 Ho 073 085 0.78 080 0.80 0.80 0.65 079 0.79 0.77
H, 085 082 0.89 0.87 086 0.82 084 0.85 0.79 085
A 11 11 13 13 10 10 12 12 7 14
A . 10.37 10.58 12.44 11.44 9.81 941 1136 10.72 6.74 11.04
f4 NULL 0.07 -0.03 0.05 0.03 003 0.01 012 0.02 -0.01 0.05
Pca3 Ho 087 1.00 0.87 091 0.94 0.93 0.97 0.97 0.98 094
0.91 0.91 0.93 0.9 0.92 0.94 0.91 0.92 0.91 0.93
A 19 19 20 19 22 21 22 18 15 40
A , 16.97 18.08 1900 16.78 21.70 18.81 17.97 16.19 14.28 19.98
N^ULL 0.01 -0.06 0.03 -0.01 •0.02 0.00 -0.04 -0.03 -0.04 -0.01
Pca4 Ho 0.80 0.67 0.85 0.57 0.73 0.70 0.73 0.67 0.82 0.72
«a 0.76 0.79 0.76 0.75 0.76 0.76 0.71 0.73 0.79 0.77
A 5 7 6 6 7 6 6 7 11 15
A . 5.00 6.64 5.96 5.83 6.73 5.96 5.75 6.01 10.16 6.82
FNULL -0.03 0.08 -0.07 0.12 0.01 0.03 -0.02 0.03 -0.02 0,03
Pca7 0.78 0.83 0.90 0.85 0.83 0.80 0.76 0.90 0.89 0.83
Ha 0.82 0.87 081 0.88 0.81 0.82 0.82 086 0.88 0.85
A 12 12 10 11 9 12 12 13 12 15
A . 11.04 11.58 9.46 10.51 8.79 10.93 10.39 11.85 11.63 11.57
N^ULL 0.02 0.02 -0.07 0.01 -0.01 0.01 004 -0.03 -0.02 0.01
Peat Ho 0.91 0.84 0.92 0.91 0.90 0.86 0.95 0.96 0.87 091
Ha 0.97 0.96 0.95 0.95 0.94 0.97 0.96 0.94 0.96 0.96
A 32 24 30 34 31 36 33 31 31 65
A , 27.66 24.00 27.14 28.01 27.75 28.77 25.92 24.63 27.13 29.02
F1 NULL 0.03 0.06 0.01 0.02 0.01 005 0.00 -0.01 0.04 0.03
Pca9 Ho 0.58 055 0.60 0.56 0.70 0.66 0.63 0.62 0.88 0.64
Ha 0.60 0.52 0.62 0.66 0.70 0.68 0.63 0.66 0.81 066
A 9 6 8 7 8 7 7 11 12 14
A , 7.81 568 7.71 6.9 7.83 6.33 6.41 8.73 11.15 8.22
FNULL 0.00 -0.05 0.01 006 -0.02 -0.00 -0.02 0.01 -0.06 0.00
Pat 14 0.71 068 0.80 0.85 0.85 0.76 0.76 0.730 0.55 0.75
Ha 0.77 0.77 0.76 0.80 0.74 0.75 0.76 0.75 0.83 0.77
A 10 11 10 11 8 10 10 9 11 17
A . 8.97 10.30 9.35 997 7.91 8.19 8.15 7.78 10.69 9.91
N^ULL 0.04 0.06 •0.03 -0.03 -0.08 -0.02 -0.01 0.01 0.20 002
Poccl Ho 0.81 0.71 0.82 0.74 0.62 0.72 0.64 0.70 084 0.73
Ha 0.75 0.67 0.80 0.72 0.70 0.70 0.69 0.74 0.84 0.74
A 10 8 10 9 8 8 9 11 12 14
A , 8.84 7.94 9.25 7.66 7.83 6.92 7.91 9.32 11 54 889
^NILL -0.05 -0.04 -0.02 -001 0.05 ■0.02 004 002 0.00 0.01
Pocc6 Ho 0.78 0.77 0.94 0.80 0.71 0.83 0.81 0.80 0.73 0.80
Ha 0.83 0.85 0.87 0.84 083 0.80 0.79 084 0.85 085
A 13 11 13 IS 12 12 - 13 13 15 21
A . 1154 10.43 1253 1333 1134 10.52 10.85 1152 13.26 1235
*^NULL 0.03 0.04 -0.05 0.03 0.07 ■0.02 -001 0.01 0.07 0.03
Ls2 Ho 0.78 0.76 0.78 069 0.64 078 0.70 0.69 0.77 0.73
Ha 0.75 0.73 0.71 0.72 0.73 0.74 0.73 0.73 0.72 0.74
A 5 5 4 4 5 5 4 5 7 7
A , 458 4.78 4.00 400 4.76 454 400 4.44 652 466
F'  NULL -002 -0.02 -006 0.02 006 -003 0.01 0.02 •0.04 000
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Figure 1. Location of 9 sites sampled in 2009 in southern France (Rou = Rouvière, in insert) 
and in Corsica (in main map, CC = Cap Corse, E-Muro = Evergreen-Muro, D-Muro 
= Deciduous-Muro, Pir = Pirio, Cas = Castagniccia, Tav = Tavera, Olm = Olmeto, 
Bon = Bonifacio), over topological map o f Corsica (pale gray: isoclines 100 m; 
medium gray: isoclines 500 m; dark gray: isoclines 1000 m; black: isoclines 1500 
m). Circles represent the relative amount of deciduous oak (gray: Downy oak 
Quercus humilis) versus evergreen oaks (black: Holm oak Quercus ilex or Cork oak 
Quercus suber) in a 5 km range around each sampling site.
Landscape Analyses
In order to assess the influence of habitat types on blue tit population genetic structure across 
the Corsican landscape, we estimated the total area covered by deciduous and evergreen oaks 
at a 5 km range around each sampling location. Very few studies estimated natal dispersal
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distance in blue tits, and most were limited by the size o f the study area. Hence, we chose a 5 
km range to be conservative, because natal dispersal distance has already been shown to reach 
up to 4.4 km in blue tits (Tufto et al. 2005). The relative proportions of each habitat type in 
each area were quantified using landscape composition maps obtained from the French 
Ministère de l’Agriculture Service Régional de l’Aménagement Forestier (scale o f 1:25 000). 
These maps were imported in Adobe Photoshop v. 6.0, where the number of pixels 
corresponding to the colors associated with deciduous and evergreen oak patches was 
calculated. Barrier presence between 2 populations was determined using topographic maps 
from the French Institut National de l'Information Géographique et Forestière. A barrier was 
taken as the presence of a mountain ridge >1500 m in a straight line between 2 populations, 
since 1500 m corresponds to the altitude above which blue tits are never found in France 
(Muséum National d'Histoire Naturelle, 2012). Analyses were conducted using IGNMap v.2 
(Institut Géographique National; available at ignmap.ign.fr). We also calculated, using 
IGNmap v.2, the shortest distance below 1500 m between each population pair. However, 
since this measure was extremely highly correlated to the Euclidian distance among 
populations (r = 0.999, P < 0.001), results obtained using this variable are not presented.
Genetic Analyses
DNA extractions were obtained from either a 25 mm2 piece of filter paper impregnated with 
blood or 50 pL of blood stored in Queen’s lysis buffer, using a NaCl extraction method with 
proteinase K digestion (Aljanabi and Martinez 1997). Microsatellite analyses were conducted 
using the following 10 loci: Pca2, Pca3, Pca4, Pca7, Pca8, Pca9 (Dawson et al. 2000); MP 
PAT 14 (Otter et al. 1998), Poccl, Pocc6 (Bensch et al. 1997); and Ls2 (Mundy and Woodruff 
1996). Polymerase chain reactions (PCRs) were performed in a 10 pL volume (8 mM Tris- 
HC1 (pH 9.0); 40 mM KC1; 0.08% Triton X-100; 2.5-3.5 mM MgCh; 0.004 mg bovine serum 
albumin (BSA); 80-160 mM dNTPs; 400-600 mM unlabelled primer; 200-300 mM labelled 
primer; 1U AmpliTaq Gold (Applied Biosystems) and 10-20 ng DNA template) using a 
GeneAmp 9700 thermalcycler (Applied Biosystems). Details of the thermal profiles are 
presented in Supplementary Table 2. PCR products were visualized on an AB-3130 automated
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DNA sequencer and alleles were scored using GENEMAPPER V.4.0 (Applied Biosystems).
Molecular sexing was performed when sex was uncertain based on field observations (n = 
233) by amplifying CHD-W and CHD-Z genes using the P2 and P8 primers (Griffiths et al. 
1998). PCRs were conducted in a 20 pL volume (8 mM Tris-HCl (pH 9.0); 40 mM KC1, 3.0 
mM MgC12; 0.008 mg BSA, 80 mM dNTPs, 500 mM of each primer, 2U AmpliTaq Gold 
(Applied Biosystems) and 20-40 ng DNA template) using a GeneAmp 9700 thermalcycler. 
The PCR thermal profile started with an initial denaturing step at 95°C for 6 min, followed by 
35 cycles of 95°C for 1 min, 52°C for 45 s and 72°C for 45 s, with a final run of 52°C for 1 
min and 72°C for 10 min. Amplified bands from CHD-W and CHD-Z were separated on 3% 
agarose gels.
Data Analysis
We first checked for the presence of genotyping errors using MICROCHECKER v. 2.2.3 (Van 
Oosterhout et al. 2004). As an assessment of the levels of genetic diversity, we calculated for 
each locus at each site: observed and estimated heterozygosity, number of alleles and 
frequency of null alleles using the software CERVUS v. 3.0.3 (Marshall et al. 1998), as well as 
allelic richness using FSTAT v. 2.9.3.2 (Goudet 1995). Tests of linkage disequilibrium (LD) 
and Hardy-Weinberg equilibrium (HWE) were performed with Genepop v.4 (Raymond and 
Rousset 1995). We further tested whether allelic richness and observed heterozygosity differed 
among years for sites that were sampled at more than one time period, using FSTAT with 1 
000 permutations. Sequential Bonferroni correction for multiple tests was applied to null 
alleles, HWE, and LD analyses (Rice 1989).
Spatial Population Genetic Structure
We assessed the extent of genetic differentiation between sites in 2009 by computing Fst 
values among each of them using Genepop and assessing their significance using ARLEQUIN 
v. 3.01 (Excoffier et al. 2005) with 1 000 permutations. We then conducted an analysis of
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molecular variance (AMOVA), implemented in ARLEQUIN, with 3 hierarchical levels: 
among regions (Corsica and Rouvière), among sites within a region (Corsican sites), and 
within sites.
We further investigated the genetic structure within Corsica using a Bayesian clustering 
approach implemented in STRUCTURE v. 2.3 (Pritchard et al. 2000). This analysis allows to 
1) detect the likeliest number of genetic clusters K  within a set of genotypes without an a 
priori assumption of population structuring and 2) assign each individual to their population of 
origin by computing the percentage of their genome originating from each genetic cluster. 
STRUCTURE parameters were as follows: an initial bum-in period of 150 000 iterations 
followed by a run length of 250 000, correlated allele frequencies model with admixture, and 
use of spatial location information as prior. We ran the model for values of K  ranging from 1 to 
20, running the model 25 times for each value of K. The most probable number of genetic 
clusters was then determined using the value of K  with the highest mean log probability 
[Pr(X|K)] and AK, as in Evanno et al. (2005). We then used CLUMPP v.1.1.2 (Jakobsson and 
Rosenberg 2007) to compute mean probability of assignment of each individual to each cluster 
and Distract v. 1.1 (Rosenberg 2Q04) to present the results graphically.
Landscape Effects on Observed Levels o f  Genetic Differentiation
We evaluated whether genetic diversity among Corsican sites in 2009 was distributed 
following an isolation by distance pattern by performing Mantel tests (Mantel 1967) using the 
software FSTAT. Genetic distance was taken as F st/O - F st) (linearized F st), and geographic 
distance was taken as the natural logarithm of great circle distance (in meters) between sites, 
calculated using the fields package in R v.2.12.1 (The R Core Development Team, 2010). P- 
values were calculated based on 2000 permutations. Since dispersal distances often vary 
among sexes in birds (Hansson et al. 2003; Double et al. 2005; Temple et al. 2006), we 
performed Mantel tests for both sexes analysed together and for males and females separately.
The effect of potential geographic barriers to gene flow (i.e., mountain chains) was tested
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using 2 methods. We first used the software Barrier (v2.2.; Manni et al. 2004), which uses 
Monmonier’s maximum difference algorithm in order to identify putative barriers to gene 
flow. We employed 2 different approaches to identify barriers. We first ran Barrier using 
pairwise Fsy values between sites and assessed the significance of the putative barriers by 
running the analyses using 2 criteria: 1) the number of loci supporting each barrier when 
running the analyses separately for each loci and 2) assessing whether the barrier was 
supported with a multilocus analysis. In order to test the significance of these barriers, we used 
Seqboot from the Phylip software package (Felsenstein 1989) to generate a resampled data set 
(10 000 times) and associated Cavalli-Sforza and Edwards’ genetic distance (£ > c e )  matrices. 
We then ran the Barrier analyses on this dataset and evaluated barrier significance using 
bootstrap numbers supporting each of them. In a second step, we used partial Mantel tests, 
implemented in FSTAT, to test for the effect of altitude barriers (>1500 m) (Figure 1). We 
assessed the linear relationship between genetic differentiation levels [linearized FsY- 
1 / ( 1 - F s t ) ]  among populations and a binary matrix o f presence/absence of mountain ridges 
between sites, controlling for geographic distance among populations. Significance was 
assessed using 2000 permutations.
We also performed another set of partial Mantel tests to test whether genetic differentiation 
was linked to habitat types. We assessed the relationship between genetic differentiation as a 
function of habitat type (deciduous vs. evergreen), controlling for the effects of geographic 
distances among study sites. Since habitat characteristics at each site were quantified by the 
proportion of deciduous versus evergreen oaks, the matrix of environmental differentiation 
was coded as the difference in proportion of deciduous oak at each site (which equals the 
difference in the proportion of evergreen oaks, since proportion of deciduous oaks = 1 -  
proportion of evergreen oaks). Significance was assessed based on 2000 permutations. Finally, 
we used the Bayesian analysis software BIMr (Faubet & Gaggiotti 2008), which estimates 
migration rates between populations and identifies which environmental variables (geographic 
distance, barrier presence, habitat type, and any possible combination of these variables) affect 
migration among populations. We performed 10 replicates o f the F-model, using a bum-in 
length of 15 000, a sample size of 10 000 iterations and a thinning interval o f 100.
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Temporal Stability o f the Genetic Structure
We assessed the temporal stability of the genetic structure in 3 ways. We first computed the 
Fst values among each site for the time periods 1995—1996, 2001—2003, and 2009 in order to 
compare the levels of genetic differentiation among sites through time. We further computed 
the Fst values among time periods for each site in order to assess whether there was a 
significant difference in the genetic structure of a given site through time. Finally, using data 
from all sites from which we had data for 2 or more time periods (Rouvière, Pirio, Deciduous 
Muro, and Evergreen Muro), we performed an AMOVA with 3 hierarchical levels: 1) among 
years, 2) among sites within years, and 3) within sites.
Results
Microsatellite Polymorphism
A total of 480 individuals were genotyped at a minimum of 6 and up to 10 loci in 2009 (see 
summary in Table 1). An additional 139 individuals were analyzed in years 1995-1996 and 
221 in 2001-2003. No genotyping errors were detected by the software MICROCHECKER 
(results not shown), and frequency of null alleles was lower than 0.05 for all loci (based on the 
overall 2009 data set; see Table 1). No significant differences in allelic richness or 
heterozygosity were detected among time periods for the sites that were sampled in several 
years (results not shown). After applying a sequential Bonferroni correction within each site 
and year, significant departures from HWE were found for 6 (out of 160) locus site-year 
combinations, but only 2 of them occurred in the same site-year combination (Rouvière 2001- 
2003). For the overall data set, LD was only found for 1 pair of loci (Pca9 -  Pocc6). However, 
this disequilibrium was found in only 1 site-year combination (Pirio 2001-2003). Since there 
was no evidence of a consistent Hardy-Weinberg or LD across loci or sites, all loci were kept 
for the remaining analyses.
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Landscape Characterisation
Landscape cover analyses revealed that deciduous oaks were absent in 6 out of 8 Corsican 
populations (Cas, CC, Tav, Bon, Olm, Pir), where only (100%) evergreen species (Holm and 
Cork oak) were found. Deciduous oaks were only found in the Muro valley, representing 80 
and 42% of the total oak forest area in the Deciduous-Muro and Evergreen-Muro sites, 
respectively. Correlations between environmental variables included in our analyses 
(geographic distance, barrier presence/absence, and habitat type) are shown in Table 2.
Table 2. Pearson's correlation coefficients between the environmental variables used in the 
study
Geographical
distance
Barrier
presence/absence
Habitat
différenciation
Geographical distance — 0.543 -0.196
Barrier presence/absence 0.002 — 0.019
Habitat différenciation 0.34 0.83 —
Genetic Differentiation Among Study Sites
All pairwise F st comparisons between Rouvière and Corsican populations were significant in 
2009, after sequential Bonferroni correction (with F st values ranging from 0.033 to 0.049; 
Table 3). Significant Fst values were also found among Corsican populations, with both Muro 
populations (Deciduous and Evergreen Muro) being differentiated from the Tavera and 
Bonifacio populations (Table 3).
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Table 3. F st values (below diagonal) and geographic distances (in km, above diagonal) 
among sites sampled in 2009
Cas CC Tav Bon Olm Mcv Mcb Pir Rou
Cas 38.4 63.9 114.1 90.3 49.6 51.3 62.1 461
CC 0.008 84.5 147.2 118.2 35.7 40.7 60.6 435
Tav 0.001 0.01 73.1 37.5 60.5 56.2 42.1 435.9
Bon 0.007 0.008 0.002 37 131.4 127.8 115.2 492.5
Olm 0.003 0.009 0.005 0.002 97.6 93.5 79:1 459.3
Mcv 0.006 0.013 0.01 0.009 0.01 5.4 26.1 411.4
Mcb 0.006 0.01 0.011 0.008 0.009 0.005 20.8 410
Pir 0.003 0.009 0.003 0.003 0.006 0.004 0.001 405.1
Rou 0.037 0.041 0.033 0.036 0.037 0.038 0.049 0.04
AMOVA results showed that the between-regions (Corsica and Rouvière) hierarchical level 
accounted for 3.5% of the total genetic variability. Although the P -value associated with this 
level was of 0.112, thus seemingly nonsignificant, this value represents the maximum level of 
significance that can be found in an AMOVA for this particular configuration of hierarchical 
levels (minimum P-value attainable with one region of 1 population and a second region of 8 
populations = 0.111; see Fitzpatrick 2009). Distinguishing populations (within regions) in the 
model did not explain a significant amount of the total genetic variability (0.5%, P = 1.0), and 
most of the genetic variability was explained by the within-population level (96.0%, P < 
0.001).
STRUCTURE results showed that, within Corsica, the most likely number of clusters was K  = 
2 (In probability of data: -16821.0 ± 24.7; see Figure 2a, b). The STRUCTURE analyses 
further revealed that this clustering corresponded to a clear geographic segregation of 
individuals within Corsica, with all individuals from the Muro valley (Deciduous and 
Evergreen Muro) sites being clearly assigned to a different cluster than individuals from the 
other sites (probability of assignment to each cluster: Muro valley individuals: cluster 1 = 0.85 
± 0.07, cluster 2 = 0.15 ± 0.07; individuals from other sites: cluster 1: 0.10 ± 0.06, cluster 2: 
0.90 ± 0.06; Figure 2c).
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Figure 2. (a) Probability of data as a function of the number of genetic clusters obtained with 
STRUCTURE (for clarity, results are only presented for K < 10). Maximal value of 
In probability of data occurred at K  = 2. (b) AK  for each number of genetic clusters, 
(c) Assignment of individuals to their cluster of origin (black: proportion of the 
genome originating from cluster 1, white: proportion of the genome originating 
from cluster 2).
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Landscape Effects on Genetic Differentiation
BARRIER results showed that the first barrier to be computed was separating Rouvière from 
the Corsican populations in 100% of cases using the Dqe measure of genetic differentiation 
and in 8 out of 10 loci using Fst values (results not shown). The computation of a second 
barrier did not give consistent results: no single barrier was supported by more than 2 loci 
when using F s t  measures (results not shown), and computations using £> c e  measures gave 3 
main possible second barriers, occurring at approximately equal frequencies and separating 
different sites on each occasion (results not shown). Such inconsistency in finding a second 
barrier suggests that there is no clear geographic feature in the Corsican landscape that 
strongly impedes gene flow among sites. This was further supported by partial Mantel tests 
showing no significant effect of mountain ridges on genetic differentiation levels (effect of 
barrier presence: r = 0.29, b = 0.002; P = 0.15; geographic distance: r = 0.22, b = 0.000; P = 
0.88; Model R2 = 17.7%).
Mantel test analyses revealed no evidence of isolation by distance patterns, either for the full 
set of individuals (r = 0.22; b = 0.001; P = 0.25; Model R2 = 5.0%) or for each sex taken 
separately (males: b = 0.002; P = 0.28; females: b = 0.001; P = 0.63; see Figure 3). However, 
partial Mantel tests revealed that habitat types (difference in proportions of deciduous oak) 
significantly explained the observed levels of genetic differentiation among populations (effect 
of habitat type: r = 0.35, P = 0.032; geographic distance: r -  0.30, P -  0.12; Model R1 = 
20.9%), thus suggesting that populations located in the same type of habitats are more similar 
genetically than populations located in different habitat types. This was further supported by 
the BIMr results where the model best explaining the migration rates among populations that 
included only habitat as an explanatory variable: migration rates were reduced among different 
types of habitat (see Table 4).
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Figure 3. Relationship between linearized genetic differentiation values ( F sj / (  1 -Fst)) and the 
Euclidian distances (natural logarithm) among Corsican populations for male (white 
circles, filled line; b = 0.002; P = 0.28) and female (black circles, dashed line; b = 
0.001; P = 0.63) adult blue tits.
Table 4. Posterior model probabilities for models explaining migration rates among 
populations
Factors Modelprobability
Estimate (95% HPDI)
<*i a2 a 3
No factor 0.204 n/a n/a n/a
Geographic distance (1) 0.168 -0.506 (-1.431. 0.466) n/a n/a
Barrier presence (2) 0.036 n/a -0.125 (-0.996. 0.730) n/a
Habitat type (3) 0.349 n/a n/a -1.098 (-2.821. 0.378)
1 and 2 0.033 -0.579 (-1.293. 0.351) 0.152 (-0.726. 1.050) n/a
1 and 3 0.109 -0.347 (-1.402. 0.607) n/a -0.767 (-2.533. 0.442)
2 and 3 0.059 n/a 0.136 (-0.754. 1.101) -1.100 (-2.533. 0.295)
1,2 and 3 0.031 -0.505 (-1.379. 0.446) 0.370 (-0.600. 1.372) -0.896 (-2.485.0.314)
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Temporal Stability o f the Genetic Structure
Levels of genetic differentiation between the Rouvière and the Corsican populations within the 
years 1995-1996 and 2001-2003 were similar to those obtained in 2009 (Fst values ranging 
from 0.037 to 0.060, all P < 0.05, see Table 5). We also found significant levels o f genetic 
differentiation between Deciduous-Muro and Pirio populations in 1995-1996 and 2001-2003 
time periods (Supplementary Table 3). Furthermore, AMOVA computations on our temporal 
data set showed that none of the total genetic variability was ascribable to temporal variation, 
whereas 2.6% (P < 0.001) of the genetic variability was attributable to differentiation between 
study sites within years, supporting the fact that genetic structure is stable among years.
Table 5. Fst values among sites for the 1995-1996,2001-2003, and 2009 time periods
E-Muro____________________D-Muro__________________________ Pirio____________
2001-2003 2009 1995-1996 2001-2003 2009 1995-1996 2001-2003 2009
ÔÔÔ8 0.005 gpf
Pirio 0.006 0.004 0.007 0.005 0.001
Rouvière 0.045 0.038 0.037 0.060 0.049 0.038 0.046 0.040
Discussion
In this study, we showed the presence of population genetic structure for blue tits on the island 
of Corsica. We found significant levels of genetic differentiation among all Corsican sites and 
the mainland population, as well as among four pairs of Corsican sites, and evidence for the 
presence of 2 distinct genetic clusters on the island. We further showed that the genetic 
structure within Corsica is not due to geographic distance or physical barriers to dispersal but 
is rather linked to habitat types (deciduous or evergreen) where individuals reproduce. This 
difference at neutral loci among deciduous and evergreen populations is congruent with the 
phenotypic differences already documented among populations breeding in these different 
habitats. Altogether these results suggest a role for local adaptation in the genetic structuring 
of blue tits in Corsica (see also Blondel et al. 1999).
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Levels o f  Genetic Differentiation Amùng Populations
We found evidence for population genetic structure within Corsica, with 1) four significant 
pairwise Fst values among populations, 2) a significant amount of genetic diversity explained 
by the partition among sampling sites within Corsica, and 3) the presence of 2 genetic clusters 
detected by Bayesian analyses. Previous studies have also found evidence for genetic structure 
at such a small spatial scale in passerines (Bates 2002; Lindsay et al. 2008), including blue tits 
(Ortego et al. 2011). In this latter study, analyses showed the presence o f 2 genetic clusters, 
and significant F st values (0.005 and 0.008) among populations located -20  km apart (Ortego 
et al. 2011). Such values are in the range of those obtained in our study since we found 
significant Fst values of 0.008-0.011 for populations separated by distances of 60-130 km. 
However, although the study of Ortego et al. (2011) was conducted in a fragmented habitat, 
the Corsican landscape is mainly composed of woodlands, scrublands, and seminatural 
pastures, with edges connecting the different habitats (Blondel et al. 2006). Blue tits are thus 
able to disperse freely over a large part of the island. Our sampling sites therefore do not 
represent fragments in an otherwise altered landscape, suggesting that factors other than 
landscape connectivity among populations is responsible for the observed genetic structure. 
Population genetic substructuring was also present in our temporal replicates, with Pirio 
(evergreen) and Muro (deciduous) populations being genetically differentiated both in 1995- 
1996 and 2001-2003. Although we found some discrepancies in Fst values among our 
temporal samples, AMOVA analysis showed that partition in temporal samples explained no 
genetic variability, and we found no evidence of temporal population genetic structure, thus 
suggesting that blue tits population structure is generally stable through time.
The mainland population, Rouvière, was significantly differentiated from all Corsican 
populations in all years, an expected result since Corsican blue tits belong to a distinct 
subspecies. This result is also consistent with previous studies showing significant genetic 
differentiation between Rouvière and Corsican sites based on minisatellites (Dias et al. 1996) 
and mitochondrial markers (Kvist et al. 2004). Levels of genetic differentiation ( F st values) 
between Rouvière and Corsican population ranged from 0.033 to 0.060. Thus, the low but
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significant Fst levels documented among Corsican populations (ranging from 0.008 to 0.011) 
still represent 25% of the genetic differentiation level observed with a subspecies believed to 
be isolated from Corsica since at least the last glaciation (>20 000 years ago; Kvist et al. 
2004). Our approach highlights the importance of using an “outgroup” in population structure 
analyses to better grasp the biological significance of the observed genetic differentiation 
values, particularly when using high-mutation rate markers such as microsatellites, which 
usually lead to small F st values (Holsinger and Weir 2009; Meirmans and Hedrick 2011).
Landscape Effects on Population Genetic Structure
Dispersal range of blue tits is typically much smaller (natal dispersal distances of ~ 330 m to 
4.4 km; see Tufto et al. 2005; Ortego et al. 2011 and references therein) than the area covered 
by our sampling and than the distances between sampled populations (Table 3). Yet we found 
no evidence that population structure of blue tits in Corsica was related to geographic distance 
among sites, neither in males nor in females or for both sexes taken together. Although 
isolation by distance is commonly found in birds (Francisco et al. 2007; Hull et al. 2008), as 
well as other taxa (Elmer et al. 2007; Crispo and Chapman 20Ô8; Pemetta et al. 2011), 
previous studies have also found evidence for panmixia even in highly philopatric organisms 
(see Alcaide et al. 2009 for example). A possible cause for such result could be the genetic 
mixing effects of rare long-distance dispersers that preclude the formation of fine-scale 
population genetic structure (Alcaide et al. 2009). Such an effect could also explain the 
absence of isolation by distance pattern in Corsican blue tits, since records of long-distance 
natal dispersal (~ 470 km) have been documented in this species (Bemdt and Sternberg 1968). 
Furthermore, we found no effects o f physical barriers on the genetic structure of blue tits in 
Corsica. This contrasts with previous studies reporting that high-altitude mountain ridges may 
impede gene flow among bird populations, for example, in the case of wedge-billed 
woodcreeper (Glyphorynchus spirurus) populations being isolated by the Andes (Mila et al. 
2009).
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Habitat-Linked Genetic Differentiation: A Role for Local Adaptation?
Our results revealed that the patterns of observed genetic structure within Corsica coincided 
with breeding habitat ecological characteristics (deciduous, evergreen, or mixed oak habitats). 
We acknowledge the possible limitations of our study due to few number of Corsican localities 
with a significant proportion of deciduous oaks cover and the geographic proximity of 
deciduous sites. However, we have numerous evidence supporting the fact that the patterns of 
genetic differentiation observed are indeed due to habitat differences: 1) we found an effect of 
habitat using 2 nonredundant analyses (as suggested in Balkenhol et al. 2009), which further 
coincide with the results obtained with STRUCTURE; 2) we did not find significant 
correlations between habitat differences and geographic distance; 3) temporal analyses further 
support a genetic differentiation between deciduous and evergreen oak localities; and 4) these 
results are also in accordance with phenotypic differences among habitats. Indeed, the 
presence of either evergreen or deciduous oaks in blue tits breeding habitats is known to have 
important ecological consequences, as it affects the phenology and abundance o f resources 
during the reproductive period (Blondel et al. 1992; Tremblay et al. 2003). The population 
structure observed here is thus consistent with the thoroughly documented phenotypic 
differences in behavioural, morphological, and reproductive traits among Corsican blue tit 
populations breeding in evergreeen, deciduous, and mixed habitats (Blondel et al. 1999; 
Blondel et al. 2006). Previous studies have also shown that these differences in phenotypic 
traits are adaptive, with birds synchronizing their laying date to be timed with annual food 
peak abundance (Lambrechts et al. 1997; Thomas et al. 2001) and may have a genetic basis 
(Blondel et al. 1990; Lambrechts and Dias 1993). Notably, Blondel et al. (1999) have shown 
that the laying date of blue tits from D-Muro and Pirio is tightly synchronized with the timing 
of abundance of caterpillars specific to each habitat type and that these differences are 
maintained in a common environment. Although such hypothesis remains to be tested, our 
results suggest that local adaptations to breeding habitats may lead to a lower fitness of 
maladapted migrants, nonrandom gene flow due to habitat choice, and/or nonrandom mate 
choice, thus leading to reduced gene flow and increased genetic differentiation, among 
populations from distinct habitats (as reviewed in Edelaar et al. 2008). Such pattern of
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divergence despite potential gene flow has now been supported in several species. For 
example, Senar et al. (2006) have shown strong genetic and phenotypic differences among 
citril finch (Serinus citrinella) populations located only ~5 km apart, but breeding in 
ecologically distinct areas (see also Garant et al. 2005; Postma and van Noordwijk 2005 for 
examples of nonrandom gene flow). Other studies have also found support for genetic 
differentiation among bird populations at a small spatial scale due to local ecological 
divergence, such as variation in resource use (Edelaar et al. 2012), or between urban parks and 
adjacent forest habitats (Bjôrklund et al. 2010).
In conclusion, we found evidence for breeding habitat-linked genetic structure among blue tit 
populations, in a landscape with high potential connectivity among sites. Our study provides 
evidence that within habitat characteristics (rather than ecological features between sampling 
sites) affect population genetic structure in this study system. Future landscape genetic studies 
should thus take into account within-site ecological features, as these can provide new insights 
on evolutionary processes in the wild.
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Time periods
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Table S2. Thermal profiles of PCR reactions for the ten microsatellite markers used.
Loci
First cycle Following cycles
re length (sec) TC length (sec) Nb o f cycles
94 180 94 30
Pca2 61 60 59 30 35x
72 60 72 40
94 180 94 30
Pca3 57 60 55 30 29x
72 60 72 40
94 180 94 30
Pca4 59 60 59 30 29x
72 60 72 30
94 180 94 30
Pca7 61 60 59 30 39x
72 60 72 30
94 180 94 30
Pca8 59 60 57 30 39x
72 60 72 30
94 180 94 30
Pca9 57 60 55 30 29x
72 60 72 40
94 180 94 30
P atl4 57 60 55 30 29x
72 60 72 40
94 180 94 30
Poccl 57 60 55 30 39x
72 60 72 40
94 30
Pocc6 94 180 55 60 25x
72 60
94 30
Ls2 94 180 55 60 36x
72 60
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CHAPITRE 5
DISCUSSION ET CONCLUSIONS GÉNÉRALES
5.1. Discussion
En utilisant des données phénotypiques, génétiques et d'apparentement sur quatre populations 
de Mésange bleue dans des habitats contrastés, mon doctorat visait à déterminer les effets de 
l'environnement sur le potentiel de réponses plastiques et génétiques des populations en milieu 
naturel. Mon doctorat a d'abord permis de mettre en évidence l'étendue de la variabilité intér­
êt intra-populationnelle des patrons de plasticité et du potentiel adaptatif de traits 
morphologiques et reproducteurs en milieu naturel. J'ai notamment montré une grande 
variabilité tant dans la magnitude des différences des patrons inter-individuels de plasticité 
(Chapitre II) que du potentiel adaptatif de traits morphologiques et reproducteurs (Chapitre III) 
entre les populations de D-Muro et de E-Muro, pourtant séparées de 6 km seulement, et 
génétiquement indifférenciées au niveau de marqueurs moléculaires neutres (Chapitre IV). J'ai 
également mis en évidence la présence d'une différenciation génétique des populations à fine 
échelle géographique, et ce chez un organisme à fort potentiel de dispersion en l'absence de 
contraintes géographiques à la dispersion (Chapitre IV).
Les résultats obtenus au cours de mon doctorat ont également contribué à la compréhension 
des mécanismes par lesquels l'environnement module les niveaux de potentiel de réponses 
plastiques et génétiques en milieu naturel. L'hétérogénéité environnementale peut être 
observée à différentes échelles spatiales (inter- et intra-populationnelle), et peut être définie en 
fonction de divers paramètres, par exemple en termes de structure (forêts de chêne 
caducifoliés vs. sempervirents) ou de qualité d'habitat (productivité du système, en termes de 
nombre d’oisillons à l'envol). Or, chaque composante de l'environnement peut avoir des effets 
différents sur la capacité de réponses plastiques et génétiques : l’hétérogénéité spatio- 
temporelle de l’environnement au sein d’une population peut moduler les niveaux de
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variabilité interindividuelle des patrons de plasticité (Chapitre II), les variations en termes de 
qualité de l’habitat peuvent affecter le potentiel adaptatif de certains traits (Chapitre III), et 
l’hétérogénéité environnementale à l’échelle inter-populationnelle peut être responsable d’une 
divergence génétique entre populations (Chapitre IV).
De façon générale, mes travaux de doctorat ont pu contribuer à la compréhension des 
dynamiques évolutives en milieu naturel, en formant un pont entre les caractéristiques 
environnementales (qualité d'habitat, hétérogénéité de l’environnement aux échelles intra- et 
inter-populationnelles, connectivité du paysage), les forces évolutives qui en découlent 
(sélection, à l'échelle intra- ou inter-populationnelle; flux génique), et le potentiel de réponses 
plastiques et génétiques des populations. Les interactions entre ces éléments et leur impact sur 
l’ajustement des populations à des changements environnementaux, tirés des conclusions de 
mon doctorat et de la littérature, sont présentées à la Figure 1.
Environnement
Potentiel
adaptatif
Sélection A daptation
locale
I x E
:U\ ! ?directionnelle
Plasticité
phéaotypiquchétérogénéité
Divergence
adaptative
Figure 1. Schématisation des effets du paysage sur les forces évolutives affectant la capacité 
d'adaptation des populations face à des changements environnementaux 
intrapopulationnels (section du haut, en blanc) ou interpopulationnels (section du 
bas, en gris) par le biais de réponses plastiques et/ou génétiques. Les flèches pleines 
représentent des effets positifs, les flèches hachurées représentent des effets 
négatifs. Voir le texte pour une explication des effets décrits par chaque flèche.
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À l’échelle d’une population, nous avons vu que le degré d”hétérogénéité environnementale 
module les pressions de sélection s’appliquant sur un trait donné, une grande homogénéité de 
l’environnement pouvant entraîner des pressions de sélection directionnelle constantes (flèche 
1). Par exemple, nous avons vu au chapitre II que des pressions de sélection directionnelles 
s’appliquent sur la date de ponte au sein des populations de D-Muro et E-Pirio, où l’habitat est 
homogène sur l’ensemble de l’aire de distribution de chaque population et où les indidivus 
doivent conséquemment ajuster leur temps de reproduction à la phénologie de la même 
ressource alimentaire. Par contre, au sein des populations de D-Rouvière et E-Muro, où 
l’habitat ainsi que les ressources alimentaires sont spatialement hétérogènes, nous n’avons pas 
mis en évidence des pressions de sélection directionnelle sur la date de ponte. À long terme, la 
sélection directionnelle pourra réduire non seulement les niveaux de variabilité génétique 
présents sur les traits, ou combinaisons de traits, soumis à la sélection (flèche 5; Falconer et 
McKay 1996; voir cependant Houle, 1992), mais également les niveaux de variabilité 
interindividuelle (I x E) des patrons de plasticité phénotypique (flèche 6; Chapitre II; voir 
aussi Springate et a l, 2011). À l’inverse, la présence de fluctuations spatio-temporelles de 
l'environnement au sein d'une population peut contribuer à maintenir la présence de variabilité 
interindividuelle de la plasticité phénotypique, ce qui expliquerait la présence de I x E pour la 
date de ponte au sein des populations de D-Rouvière et E-Muro, mais pas à D-Muro ni à E- 
Pirio. Or, bien que la présence de variabilité interindividuelle de la plasticité ne soit pas une 
condition nécessaire à l'adaptation phénotypique par le biais de changements plastiques, la 
plus grande gamme de réponses plastiques possibles en présence de I x E augmentera la 
capacité d'ajustement phénotypique par le biais de changements plastiques, tant aux niveaux 
intrapopulationnel (par exemple dans le cas de variations temporelles de l’environnement) 
qu'interpopulationnel (dans le cas d ’individus se dispersant d’un habitat à un autre; flèche 11 ; 
Crispo et a l, 2008). De plus, si la variabilité interindividuelle des patrons de plasticité est 
sous-tendue par une variabilité génétique (G x E), et si la plasticité est sous sélection au sein 
d'une population (voir par exemple Nussey et a l, 2005c), une adaptation locale de la plasticité 
pourra s'en suivre (flèche 10). Également, nous avons montré au Chapitre III que les variations 
intrapopulationnelles de la qualité de l'habitat peuvent affecter les niveaux de variance 
génétique présents sur un trait morphologique (la condition corporelle des individus), ceux-ci
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étant plus élevés lorsque la qualité de l'environnement est favorable (flèche 4), alors que la 
variance génétique des traits reproducteurs (date de ponte, taille de ponte, et temps 
d’incubation) restait temporellement stable. Ces résultats sont en accord avec les tendances 
précédemment observées (Charmantier et Garant, 2005), appuyant l’hypothèse stipulant que, 
lors des années de mauvaise qualité, les individus favorisent l'allocation des ressources aux 
traits reproducteurs, liés de plus près à leur aptitude phénotypique, au détriment de leurs traits 
morphologiques.
À l'échelle inter-populationnelle, des caractéristiques écologiques contrastées entraîneront des 
différences, dans les pressions de sélection auxquelles les populations sount soumises (flèche 
2; Endler, 1986; Schluter, 2001). En l’absence de contraintes à l’évolution, ces populations 
pourront chacune s’adapter à leur habitat local, pouvant éventuellement entraîner un patron de 
divergence adaptative entre populations (flèche 7; Nosil, 2008; Turelli et a l, 2001). La 
connectivité du paysage, en permettant la dispersion des individus, favorisera le flux génique 
entre populations (flèche 3; Holderegger et Wagner, 2008). Le flux génique pourra contribuer 
au potentiel adaptatif des populations (flèche 13), permettant ainsi leur adaptation locale 
(flèche 9), et, au sein d'un paysage hétérogène, une divergence adaptative entre populations 
(flèche 12, Garant et a l, 2007a). Le flux génique pourra par contre également entraver la 
divergence adaptative entre populations via une homogénéisation des populations et un 
échange de gènes maladaptés (flèche 8; Garant et a l, 2007a; Lenormand, 2002). La 
divergence adaptative à son tour entraînera une réduction du flux génique via la réduction du 
succès reproducteur des migrants (flèche 8; Garant et a l , 2007a). Dans le cas de la Mésange 
bleue en Corse, des caractéristiques écologiques spatialement hétérogènes (habitats de chênes 
caducifoliés vs. sempervirents) pourraient avoir engendré des pressions de sélection divergente 
assez fortes pour entraîner une différenciation génétique entre populations, et ce même en 
présence de flux génique potentiel entre populations, aucune barrière à la dispersion n ’ayant 
été mise en évidence au sein de la Corse (Chapitre IV).
1 2 0
5.2. Conclusions générales
Mon doctorat a contribué à  la compréhension des mécanismes écologiques responsables de la 
capacité des organismes à  s'adapter à  leur milieu. Bien entendu, les interactions montrées à  la 
Figure 1 ne représentent qu’un sous-ensemble des relations possibles entre l’environnement, 
les forces évolutives et l’ajustement des populations face à  des changements 
environnementaux. De nombreux questionnements persistent, qui représentent autant 
d’éléments potentiels de recherches futures nous permettant d’améliorer notre compréhension 
des dynamiques évo-évolutives au sein de ce système d’étude. Par exemple, le signal apparent 
de divergence adaptative entre populations de chêne blanc et de chêne vert en Corse pourrait 
être confirmé par des tests de comparaison des niveaux de différenciation génétique adaptative 
(Q st) et des F st obtenus à  l'aide de marqueurs moléculaires neutres, des valeurs de Q st 
supérieures au F st indiquant une divergence adaptative des populations sur les traits (Merilà et 
Cmokrak, 2001). De telles analyses nous permettraient de déterminer de façon plus formelle si 
la structure de populations observée en Corse est le résultat de pressions de sélection 
divergentes, ou simplement des effets de la dérive génique. De plus, dans un environnement 
hétérogène tel que celui retrouvé en Corse, tant la présence de flux génique et que de pressions 
de sélection divergentes peuvent favoriser l’évolution de la plasticité phénotypique (Crispo et 
al., 2008). Il serait intéressant d’approfondir l’étude des mécanismes affectant la présence et la 
magnitude de la plasticité phénotypique, par exemple en déterminant la présence de sélection 
sur la plasticité, ainsi que la relation entre l’environnement et ces pressions de sélection, et ce 
sur un plus large éventail de traits phénotypiques d’intérêt.
Également, en continuité à mon projet de doctorat, une exploration plus poussée des facteurs 
causaux de la variabilité interindividuelle des patrons de plasticité au sein des populations de 
D-Rouvière et E-Muro pourrait infirmer ou confirmer notre hypothèse de spécialisation des 
individus sur différents types de ressources. Des analyses d'isotopes stables, par exemple, 
pourraient révéler si les mésanges au sein de ces populations se spécialisent sur des ressources 
alimentaires différentes (i.e. Hobson et Clark, 1992), ou sont nés au sein d'habitats différents 
(Hobson et a l, 2004). Aussi, des développements récents et en cours dans le domaine de la
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génomique offriraient l’opportunité de déterminer quels gènes sont responsables de la 
variabilité phénotypique observée, apportant ainsi une compréhension plus fine des 
mécanismes contribuant à l’adaptation des populations en milieu naturel (van Bers et al. 
2012).
De façon plus générale, le domaine de la biologie évolutive bénéficierait de la conduite d'un 
plus grand nombre d'études effectuées sur plusieurs populations d'une même espèce dans des 
habitats hétérogènes. En effet, bien que l'étude de la plasticité phénotypique et du potentiel 
adaptatif des populations soit intéressante en soi, la grande étendue de la variabilité de ces 
patrons en milieu naturel rend difficile la généralisation des résultats obtenus sur une seule 
population. La réplication de ces études sur plusieurs populations permet d'avoir une 
compréhension encore plus globale de l'étendue de la variabilité du potentiel adaptatif des 
populations en milieu naturel. De plus, une attention particulière devrait être apportée à la 
quantification des paramètres écologiques des populations sur lesquelles sont effectuées des 
études en biologie évolutive, afin d'améliorer notre compréhension des effets de 
l'environnement sur l'évolution des populations. Finalement, bien que nous ayons vu que 
l'environnement affecte la capacité des populations à répondre aux changements de leur 
environnement, ce dernier peut être rétroactivement affecté par les réponses plastiques et 
génétiques des populations (Pelletier et al., 2009). L'exploration de ces dynamiques éco- 
évolutives nous permettrait de mieux comprendre les mécanismes qui génèrent et 
maintiennent la grande diversité du monde qui nous entoure.
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